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Heterogeneous catalytic transesterification of plant derived oils (PDO) i.e. 
soybean oil, and microalgae derived oil (MDO) to fatty acid methyl esters (FAME) i.e. 
biodiesel was investigated. Calcium, magnesium and zinc based catalysts were screened 
for their catalytic activity, where calcium methoxide was found to have superior 
conversion efficiency of PDO to FAME. Calcium methoxide, as prepared by reacting 
calcium metal and methanol, resulted in a catalyst with a surface area of 32 m2/ g and a 
pore volume of 0.19cm3/g. From the TGA analysis, the molecular formula for the catalyst 
was determined as CaO0.13(OCH3)1.74. SEM and FTIR analysis confirmed the presence of 
surface methoxide groups on the surface of the catalyst. In the first phase of investigation, 
the conversion efficiency of the catalyst was evaluated using triglycerides and polar 
lipids. Reaction variables including: reaction temperature; amount of catalyst; and 
methanol-to-oil molar ratio were optimized using response surface methodology at 64oC, 
4% and 9:1, respectively. No lixiviation of the catalyst into methanol was observed. The 
heterogeneous catalyst can be re-used for at least ten times without significant loss of 
activity.  
 
When polar lipid was used as the feedstock, the fate of organic phosphorus was 
determined. Phosphorus content of the FAME layer was 0.081% (w/w) which was only 
1.26% of the total phosphorus, with the remainder concentrated in the polar layer. The 
removal of residual phosphorus from biodiesel was investigated using adsorption and 
water-washing techniques. Three different adsorbents i.e. silica gel, magnesol and 
 ix 
magnesium silicate were tested with biodiesel spiked with phosphatidylcholine (PC). 
Silica gel has the maximum adsorption capacity (i.e. 0.60 mmol/g) and a greater affinity 
for PC than magnesol and magnesium silicate; it is possible to bring the P content in the 
FAME below 0.001% using all three adsorbents. Water-washing was not an effective 
method to remove PC from biodiesel, where removal efficiency was less than 10% at 
room temperature. 
 
In the second phase of investigation, extraction and conversion of MDO was 
investigated, together with factors affecting intracellular lipid extraction from microalgae. 
Chlorinated solvent systems including chloroform-methanol and dichloromethane-
methanol resulted in higher lipid extraction efficiencies than other solvent systems. 
Hexane, when used alone, had a poor lipid extraction efficiency at 16.4%, but improved 
when the polar solvents iso-propanol and methanol were added to 19.1 and 25.5% 
respectively. The moisture content of the microalgae biomass affected both lipid 
extraction efficiency and FFA content of the extracted lipid. Above a 20% moisture 
content, lipid yields were significantly reduced. When the moisture content was increased 
from 20% to 85% lipid yield dropped from 25.4 to 13.0%, and FFA content of the lipid 
increased from 1.5% to 7.8%. 
 
Reaction variables for conversion of MDO including: temperature; amount of 
catalyst; and methanol-to-oil molar ratio were optimized at 80oC, 5% and 22:1, 
respectively. Lipids with less pigment are most suited for biodiesel production via 
transesterification using heterogeneous catalysis. Lipid, with an 8% pigment content 
 x 
extracted from Nannochloropsis, gave a FAME yield of 60% compared to a 13% for lipid 
extracted from Chlorella with an 18% pigment content. Finally, a novel method that 
combines the extraction of lipid from microalgae and its conversion to FAME was 
developed using a hexane-methanol azeotrope as the solvent, and calcium methoxide as 
the catalyst. Heterotrophically cultured Chlorella gave a maximum FAME yield of 25% 
as dry weight of biomass followed by mixotrophically cultured Nannochloropsis (13% 
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RID   Refractive Index Detector 
RM    Reduced Model 
rpm   Rotations per minute 
RSM   Response Surface Methodology 
 xxi 
SA   Simulated Annealing  
SEM   Scanning Electron Microscopy  
SFA   Saturated Fatty Acid 
SPE   Solid Phase Extraction    
TFA   Target Factor Analysis 
TG        Triglycerides 
TGA   Thermogravimetric Analysis 
THF   Tetrahydrofuran 
TLC   Thin Layer Chromatography 
UV   Ultra Violet 















qE amount of adsorbate adsorbed at equilibrium, mmol/g 
KF Freundlich isotherm constant, L/mmol 
C concentration of adsorbate in biodiesel, mmol/L 
n Freundlich exponent 
KL Langmuir isotherm constant, L/g 
qM maximum amount of adsorbate able to be adsorbed, mmol/g 
qT amount of adsorbate adsorbed at time “t”, mmol/g 
t time, min 
k1 rate constant of the pseudo first order model, 1/min  
k2 rate constant of the pseudo second order model, g/mmol-min 
kD1 rate constant of the rapid step in the double exponential model, 1/min 
kD2 rate constant of the slow step in the double exponential model, 1/min 
D1 parameter of the rapid step in the double exponential model, mmol/L 
D2 parameter of the slow step in the double exponential model, mmol/L 
mads concentration of adsorbent in biodiesel, g/L 
R2 Coefficient of Determination 
R2adj R2 value adjusted for different number of variables in the model 
R2pred R2 value for predicted response to future observations 
Xi Independent Variables 
CaMeOHCa Calcium methoxide prepared from calcium metal 







Anthropogenic activities have caused atmospheric carbon dioxide concentrations 
to increase from pre-industrialized levels of 280 ppm to approximately 387 ppm (Hansen 
et al., 2008). Hansen et al., (2008) has stated that a safe level of atmospheric CO2 should 
be no more than 350 ppm to safeguard against the worst consequences of climate change. 
Under the present scenario, severe climate change may be avoidable, but only if CO2 
emissions peak within the next decade then decline sharply to the mid-century (Hansen et 
al., 2008; Parry et al., 2007).  
Renewable, clean sources of sustainable energy are now a global focal point of 
advanced research and development due to concerns over climate change and energy 
security. Currently, the contribution of renewable energy represents only about 10% of 
total global primary energy demand (IEA, 2008), where biofuels used in the global road 
transportation sector accounts for only 1% of this demand, i.e 15.5 Mtoe.  It is predicted 
that by 2030, biofuel demand for road transport will increase by an order of magnitude to 
145Mtoe (IEA, 2007). Biodiesel and bioethanol account for the major proportion of 
biofuels used in road vehicles. Biodiesel, also known as fatty acid methyl ester (FAME), 
is already one of the most predominant types of renewable liquid transportations fuels . It 
is an attractive fuel due to its high energy density, low sulphur and aromatic content, low 
toxicity and high level of biodegradability (Demirbas, 2007). Currently, the biodiesel 
industry predominantly uses plant derived oils (PDOs) as the feedstock - principally 
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derived from terrestrial food crops. However there is uncertainty as to the sustainability 
of biodiesel feedstocks derived from these sources. For example, a recent study estimated 
that CO2 emissions arising from the conversion of primary forest land into palm 
plantation requires in  excess of 450 years to offset the lowered CO2 emissions achieved 
from biodiesel powered-vehicles using crude palm oil (CPO) as a biodiesel feedstock 
(Fargione et al., 2008).  
Microalgae are now the subject of world-wide investigation as a promising, 
sustainable and renewable biofuel feedstock to meet future demand for liquid 
transportation fuels. Using microalgae to tap solar energy via photosynthesis is not a new 
concept - an extensive study was conducted under the United States Aquatic Species 
Program (Sheehan et al., 1998). Moreover, microalgae production represents a potential 
solution for the mitigation of climate change since 1 ton of algae requires the fixation of 
1.83 tons of atmospheric CO2 (Chisti, 2008). The yield of lipid-oil feedstock from 
microalgae has been estimated at 123 m3/hectare which is about twenty times higher than 
the most productive of all the terrestrial bioenergy crops i.e. palm (Chisti, 2008). 
 
1.1 Problem Statement  
 
   Sustainable industrial manufacturing processes should be closed-loop, with 
minimal waste generation to enhance resource productivity. In the chemical process 
industries, many homogeneous catalysts used in process reactions are ultimately wasted. 
A typical example is biodiesel production, where the production of FAME via an alkali-
catalysed transesterification reaction results in the loss of the homogenous catalyst. 
Further, waste is also associated with the use of acids used to neutralize the reaction after 
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product formation, and wastewater generated from ‘washing’ the biodiesel product to 
remove the residual homogeneous catalyst.  
Crude PDOs typically contain 1-2% free fatty acids and up to 2% of polar lipids 
(Mukhopadhyay, 2000). Conventional biodiesel processes convert only refined PDOs 
into FAME, where polar lipids and free fatty acids are typically removed via a 
degumming process (Mukhopadhyay, 2000). So called ‘next generation’ feedstocks 
include microalgae derived lipid-oils (MDO) which can contain up to 40% of polar lipids 
by weight (Hodgson et al., 1991). When the polar lipid content increases in the feedstock, 
the refining process becomes more challenging and costly where the crude MDO contains 
not only lipid-oils, but also carbohydrates, proteins and pigments. Hence, it is necessary 
to identify a suitable catalyst for transesterification of the crude MDO without the need 
for feedstock refining. The need to minimize materials and energy consumption by 
development of a reusable heterogeneous catalyst is also a priority. In addition to the 
catalyst, the effect of the microalgae biomass drying method, moisture content and 
solvent extraction systems on the recovery and characteristics of extracted lipid from 
microalgae has not yet been well documented in the literature. Similarly, the effect of 
polar lipids and associated reaction by-products on the MDO transesterification reaction 
to FAME has yet to be investigated in detail.   
The phospholipid fraction of polar lipids in biodiesel feedstock typically contain 
phosphate molecules attached to carbon atoms in the glycerol backbone. After 
transesterification, the fate of the phosphorus is not clear, but is critical so as to conform 
with regularity quality standards for biodiesel product which stipulate an upper limit of 
phosphorus in biodiesel at only 0.001% (ASTM standards). Hence, the removal of 
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organic phosphorus is another important aspect that needs investigation for the 
production of MDO derived biodiesel. 
 
1.2 Thesis Objectives 
In order to render the biodiesel production process more sustainable, new 
innovations in catalyst and feedstock are necessary. The development of a reusable 
catalyst for unrefined feedstocks containing complex lipids will reduce process cost. 
The overall aim of the research is to investigate the feasibility of biodiesel 
production from MDO feedstock via transesterification using heterogeneous catalysis. In 
order to achieve the main aim, the research was divided in to two phases, as follows. 
1.2.1 Phase I 
A suitable heterogeneous catalyst for transesterification reactions of PDO was 
screened from a total of twelve potential candidates. Soybean oil was used as the 
feedstock for catalyst screening. The selected catalyst was characterized via BET, SEM 
EDS, FTIR and TGA analysis to understand its physical and chemical properties. Factors 
affecting the transesterification reaction were investigated, and reaction variables were 
optimized using response surface methodology. Catalyst reusability and its lixiviation 
into the reaction medium were also investigated. Performance of the catalyst was 
examined for feedstock of different lipid characteristics including neutral lipids, polar 
lipids and lipid mixtures. The influence of polar lipids on the transesterification reaction 
was investigated, and the fate of phosphorus containing compounds in the reaction was 
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studied. Finally, the removal of organic phosphorus from the biodiesel product was 
investigated in this phase.  
1.2.2 Phase II 
 The second phase of research focused on the MDO feedstock with respect to 
feedstock generation, characterization and conversion. A locally isolated strain of marine 
microalgae i.e. Nannochloropsis.sp as well as a fresh water species Chlorella 
protothecoides from a culture collection were used. Factors affecting intracellular lipid 
characteristics were investigated with respect to biomass drying, lipid extraction solvent 
system, and biomass moisture content. MDO was characterized for saponification value, 
acid value and pigment content. Factors affecting heterogeneous catalytic conversion of 
MDO were studied, and process variables were optimized using response surface 
methodology. Finally, a novel process that combined extraction and conversion of MDO 
was developed. Specifically, a total of four research objectives have been addressed. 
 
Objective 1: Identify a reusable heterogeneous base catalyst for the transesterification of 
PDO feedstock of known water and polar lipid content, and to optimize reaction variables 
(Chapter 3 and 4). 
 
Objective 2: Investigate the removal of polar lipids from biodiesel via adsorption and 
water-washing techniques (Chapter 5). 
 
Objective 3: Investigate the factors affecting intracellular lipid extraction from 
microalgae, and characterize extracted lipids (Chapter 6). 




Objective 4: Investigate the heterogeneous catalytic transesterification of MDO and 
optimize reaction variables (Chapter 7 and 8). 
 
1.3 Thesis Organization 
 
The thesis comprises eight of subsequent chapters, as follows: 
 
Chapter 2: Literature Review. The concept of biodiesel production from PDO 
is explained; reaction mechanisms and factors affecting the yield of FAME are discussed. 
The different types of homogeneous and heterogeneous catalysts used for the 
transesterification reaction and their limitations are presented, together with an 
explanation of the use of response surface methodology for optimizing reaction process 
variables.  
 
Chapter 3: Transesterification of Triglycerides (Objective 1) includes data 
relating to catalyst screening and characterization using BET, SEM-EDS, FTIR and TGA 
analysis. The effect of reaction temperature, catalyst concentration and the methanol-to-
oil ratio of reaction conversion are presented, together with the results of response surface 
methodology used to study the interaction and optimization of reaction variables. The 
effects of feedstock water content and lipid extraction co-solvents on FAME yield are 
presented. Reusability and lixiviation of the catalyst are also presented. 
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Chapter 4 Transesterification of Polar Lipids (Objective 1) presents results of 
an experiment conducted to investigate the effect of polar lipids on the transesterification 
reaction. The reaction mechanism is investigated with respect to reaction intermediates. 
The fate of phosphorus containing compounds is determined. A preliminary study on the 
removal of organic phosphorus from FAME is reported.  
 
Chapter 5 Removal of Polar Lipids from Biodiesel (Objective 2) presents 
results of an experiment on the removal of polar lipids from FAME. The chapter reports 
on the effectiveness of adsorption and water-washing for removal of polar lipids, and 
adsorption isotherms and kinetic models are presented for different adsorbents used.  
 
Chapter 6 Lipid Extraction and Classification (Objective 3) presents results of 
investigation into factors affecting intracellular lipid extraction from microalgae. A 
method is presented that classifies lipid fractions into neutral, polar and free fatty acids. 
Microalgae drying and lipid extraction methods are investigated, as well as the effects of 
solvent systems used for lipid extraction and moisture content of biomass on lipid yield.  
 
Chapter 7 Transesterification of MDO (Objective 4) presents results on the 
transesterification of MDO using heterogeneous catalyst. The impact of reaction 
variables including catalyst, feedstock and co-solvent are presented. Data on optimization 
of process variables including reaction temperature, amount of catalyst and methanol-to-
oil ratio using response surface methodology for maximum FAME yield are presented.   
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Chapter 8 Transesterification of Lipid Extract (Objective 4) presents details 
for a novel method for preparation of FAME using MDO as the feedstock. The method 
combines the extraction and conversion of lipids using azeotropes of methanol with non-
polar solvents. Data on the catalyst, solvent system and duration of reaction on FAME 
yield are presented.  
 
Chapter 9 Conclusion and Future Work is a summary of the main conclusions 







This chapter reviews the current status of technology for biodiesel 
production from plant derived oils (PDO). Reaction mechanisms for base- and 
acid-catalyzed transesterification reaction are presented. A brief review of different 
conversion techniques, including heterogeneous catalysis, bio-catalysis and 
transesterification using supercritical methanol for biodiesel production is 
provided. The chapter also gives an overview of the potential of microalgae 
derived oils (MDO) as an emerging feedstock for biodiesel production. Factors 
affecting lipid extraction, lipid classification techniques and biodiesel purification 
methods for MDO are presented. 
 
2.1 Introduction 
The scarcity of conventional fossil fuels, growing emissions of 
combustion-generated pollutants, and their increasing costs make biomass fuel 
derivatives increasingly attractive (Sensoz et al., 2000) as a renewable, carbon-
neutral source (Dowaki et al., 2007). Experts suggest that current oil and gas 
reserves will last only several more decades (Demirbas, 2007). To meet rising 
demand for liquid transportation fuels and to replace reducing petroleum reserves, 
fuels such as biodiesel and bioethanol are at the forefront. 
Biodiesel (Greek, bio = life + diesel from Rudolf Diesel) refers to a 
petro-diesel equivalent derived from biological sources, and includes a variety of 
ester-based oxygenated fuels derived from renewable sources such as PDOs or 
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animal fats. Chemically, biodiesel is defined as the monoalkyl esters of long-chain 
fatty acids derived from renewable bio-lipids. It is typically produced through the 
reaction of a PDO or animal fat with methanol or ethanol in the presence of a 
catalyst to yield methyl or ethyl esters (biodiesel) and glycerine (Demirbas, 
2002). Generally, methanol is preferred for transesterification as it is less 
expensive than ethanol (Graboski and McCormick, 1998). The higher heating 
values (HHVs) of biodiesels are attractive, where the HHVs of biodiesels (39 to 
41 MJ/kg) are only slightly lower than those of gasoline (46 MJ/kg) and 
petrodiesel (43 MJ/kg), but higher than coal (32 to 37 MJ/kg). 
 
2.2 Transesterification of PDOs 
Producing biodiesel from PDOs is not a new process. The conversion of 
PDOs or animal fats into monoalkyl esters or biodiesel is known as 
transesterification (Figure 2.1). Duffy and Patrick conducted transesterification as 
early as 1853 (Demirbas, 2007). In 1893, the famous German inventor Dr. 
Rudolph Diesel invented a revolutionary engine in which air would be compressed 
by a piston to a very high pressure, thereby causing a high temperature. The 
engine was designed to run on vegetable oil. Vegetable oils were used in diesel 
engines until the 1920s.  
 
Figure 2.1 Transesterification of triglycerides with methanol 
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During the 1920s, diesel engine manufacturers altered their engines to utilize the 
lower viscosity of petro-diesel, rather than vegetable oil (Demirbas, 2007). The 
energy supply concerns of the 1970s renewed interest in biodiesel, but commercial 
production did not begin until the late 1990s. In 1991, the European Community 
proposed a 90% tax deduction for the use of biofuels, including biodiesel, after 
which the biodiesel industry experienced rapid growth. The European Union 
accounted for nearly 60% of all biodiesel production in 2009, with a total 
production capacity of 21million tonnes per year (EBB, 2009). 
 
2.3 Base Catalyzed Transesterification 
2.3.1 Base catalysts 
Triglycerides are readily transesterified batch-wise in the presence of 
alkaline catalyst at atmospheric pressure and a temperature of approximately 60–
70 °C in the presence of an excess of methanol (Srivastava and Prasad, 2000).  
Table 2.1 shows the typical reaction conditions used for base catalysis of PDOs to 
biodiesel.  
 
Table 2.1 Typical reaction conditions used for biodiesel production via different 
homogeneous catalysts (Zhang et al., 2003) 
 
 Base-catalyzed reaction Acid-catalyzed reaction 
Feedstocks Triglycerides with low 
(<0.5%) FFA content 
Triglycerides with high 
(>4%) FFA content  
Methanol : oil (molar) 6:1 50:1 
Temperature 60-65oC 80oC 
Pressure 1.4-4.1bar 4 bar 
Catalyst NaOH (0.5-2 wt %) H2SO4 (10 wt %) 
Conversion >95% in 1hour >95% in 4 hours 
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The transesterification process is catalyzed by alkaline metal alkoxides (Freedman 
et al., 1986; Schwab et al., 1987) and hydroxides (Aksoy et al., 1990; Meher et al., 
2006), as well as sodium or potassium carbonates (Vargha and Truter, 2005). The 
alkaline catalysts normally show high performance for refined PDOs. Alkaline 
metal alkoxides (sodium methoxide) are the most active catalysts, since they give 
high yields (98%) in a short reaction time (30 min) at low molar concentrations 
(0.5 mol%) (Helwani et al., 2009). Alkaline metal hydroxides (KOH and NaOH) 
are cheaper than metal alkoxides, but less active. Nevertheless, they are a good 
alternatives since they give the same high conversions of PDOs simply by 
increasing the catalyst concentration to 1 or 2 mol% (Schuchardt et al., 1998). Base 
catalyzed transesterification is much faster than acid-catalyzed transesterification, 
and is the most common commercial method for production of biodiesel (Ma et al., 
1998). Figure 2.2 shows the process flow diagram for a typical homogeneous base 
catalyzed process for the production of biodiesel. 
 
 
Figure 2.2 Process flow diagram for production of biodiesel via base catalyzed 
transesterification of PDOs (Helwani et al., 2009) 
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2.3.2 Limitations of base catalyzed transesterification 
Base catalyzed transesterification reaction is 5,000 times faster than an 
acid- catalyzed reaction (Chisti, 2008). However, when the oils contain significant 
amounts of free fatty acids (>4%) they cannot be converted into biodiesel using 
base catalysts due to saponification (Furuta et al., 2004). Free fatty acids react with 
the alkaline catalyst to produce soaps that inhibit separation of biodiesel, glycerin 
and wash-water (Canakci and Van Gerpen, 2003). The predominant base-catalyzed 
production process requires the use of high quality, high purity virgin PDO. The 
chemistry of the base transesterification reaction limits feedstock flexibility, and 
base catalysts must be neutralized and discarded as an aqueous salt waste stream. 
Removal of these catalysts from the product is technically difficult and brings extra 
cost to the final product (Demirbas, 2003). Furthermore, the predominant 
production mode is a batch or semi-continuous process and base catalysts (e.g. 
potassium and sodium hydroxide) are hazardous, caustic, and hygroscopic.  
 
2.4 Acid Catalyzed Transesterification 
2.4.1 Acid catalysts 
The transesterification process is catalyzed by Bronsted acids - preferably 
hydrochloric, sulfonic and sulfuric acids. Other catalysts include methanolic 
hydrogen chloride and boron trifluoride. Anhydrous hydrogen chloride is most 
often prepared by bubbling hydrogen chloride gas into dry methanol. These 
catalysts give very high yields in alkyl esters, but reaction rates are slow. The 
alcohol:PDO molar ratio is one of the main factors that influence 
transesterification. An excess of the alcohol favors the formation of alkyl esters. 
On the other hand, an excessive amount of alcohol makes the recovery of the 
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glycerol difficult. In general, acid-catalyzed reactions are performed at a high 
alcohol-to-oil molar ratio, a low-to-moderate temperature and pressure, and high 
acid catalyst concentration. Table 2.1 summarizes reaction conditions needed to 
obtain biodiesel from PDO using sulfuric acid as the catalyst (Zhang et al., 2003). 
Figure 2.3 shows the simplified block diagram for homogeneous acid-catalyzed 
biodiesel production process. 
 
 
Figure 2.3 Process flow diagram for production of biodiesel via acid-catalyzed 
transesterification of PDOs (Helwani et al., 2009). 
 
2.4.2 Limitations of Acid Catalyzed Transesterification 
The advantage of acid catalysts over base catalysts is their low 
susceptibility to the presence of FFA in the feedstock. However, acid-catalyzed 
transesterification is especially sensitive to the presence of water in the feedstock. 
It has been demonstrated  that as little as 0.1 wt% water in the reaction mixture is 
able to adversely affect ester yields in the transesterification of PDO with 
methanol, where the reaction is almost completely inhibited at a 5 wt% water 
concentration (Canakci and Van Gerpen, 1999). Therefore, water content in the 
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feedstock should be kept below 0.5 wt% to achieve an ester yield in excess of 90% 
under normal reaction conditions (i.e. 60°C, methanol-to-oil molar ratio 6:1, 3 wt% 
sulfuric acid and 96 h). The cause for the observed difference in transesterification 
sensitivity to water using either base or acid catalysts is not yet understood, but the 
formation of water-rich clusters around protons (solvent–proton complexes) with 
less acid strength than methanol-only proton complexes may account for catalyst 
deactivation (Rived et al., 2001; Sridhara.R and Mathai, 1974). In addition, water-
rich methanol proton complexes are less hydrophobic than methanol-only clusters 
which renders it more difficult for the catalytic species (H+) to approach the 
hydrophobic triglycerides (and possibly diglycerides) molecules that contribute to 
catalyst deactivation (Helwani et al., 2009).   
 
2.5 Reaction Mechanisms for Homogeneous Catalysts 
2.5.1 Base catalyzed transesterification 
The reaction mechanism for alkali-catalyzed transesterification  was 
originally formulated as a three step process (Eckey, 1956). In the first step, 
methoxide ions attack the carbonyl carbon atom of the triglyceride molecule to 
form a tetrahedral intermediate. In the second step, the tetrahedral intermediate 
reacts with methanol to regenerate the methoxide ion. In the last step, 
rearrangement of the  tetrahedral  intermediate  results  in the  formation   of  a  
fatty  acid  ester  and  a  diglyceride. When NaOH, KOH, K2CO3 or other similar 
catalysts are mixed with alcohol, the actual catalyst, an alkoxide group is formed 
(Sridhara.R and Mathai, 1974). A small amount of water generated in the 
reaction may cause soap formation during transesterification. Figure 2.4 
summarizes the mechanism of alkali-catalyzed transesterification. 




Figure 2.4 Reaction mechanisms for base catalyzed transesterification (Eckey, 
1956). 
 
2.5.2 Acid catalyzed transesterification 
Figure 2.5 shows the mechanism of acid-catalyzed transesterification of 
PDO (Christie, 1989). The initial step is protonation of the ester to give an 
intermediate (1) which can then undergo addition reaction with alcohol to give an 
intermediate (2) which can be dissociated via the transition state (3) to give the 
ester (4). Each step in the process is reversible, but in the presence of a large 
excess of the alcohol (oil to methanol molar ratio >6), the equilibrium point of the 
reaction is displaced so that transesterification proceeds virtually to completion.  
 




Figure 2.5 Reaction mechanisms for acid-catalyzed transesterification (Christie, 
1989) 
 
2.6 Other processes for biodiesel production 
2.6.1 BIOX Process 
 
The BIOX process was developed Professor David Boocock of the 
University of Toronto. The process uses a base catalyzed transesterification of 
triglycerides to produce methyl esters. It is a continuous process and not feedstock 
specific. The BIOX process handles not only refined PDOs, but also waste cooking 
greases and animal fats (Demirbas, 2002).The unique feature of the BIOX process 
is that it uses inert reclaimable co-solvents in a single-pass reaction which is 
complete in only seconds at ambient temperature and pressure. The BIOX process 
uses the co-solvent, tetrahydrofuran (THF), to overcome mass transfer resistance 
due to the extremely low solubility of the alcohol in the triglyceride phase.  
 
2.6.2 Supercritical alcohol process 
Feedstocks with high FFA and water content are undesirable for 
conventional base catalyzed transesterification in biodiesel production. A 
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reduce the reaction lag time due to poor solubility of alcohol in the triglyceride 
phase. The advantages of supercritical methanol transesterification are as follows: 
First, it is eco-friendly, as the catalyst is not needed in the reaction, making the 
after-production process much simpler as separation of the catalyst and saponified 
products from methyl esters becomes unnecessary and wastewater containing acid 
or alkali is avoided. Second, supercritical reaction takes a shorter time than 
traditional catalytic transesterification reaction, and conversion rate is high. The 
catalytic transesterification reaction requires several hours to reach reaction 
equilibrium, but the supercritical method only takes 2–4 min (Saka and Kusdiana, 
2001); Third, neither acidity nor water content influences the reaction in the 
supercritical method (Kusdiana and Saka, 2001; Kusdiana and Saka, 2004). This 
allows a variety of resources to be used as feedstocks. The disadvantages of the 
supercritical methods stem mostly from the need to maintain a  high pressure (35 
to 60 MPa) (Demirbas, 2003; Kusdiana and Saka, 2004) and temperature (525 to 
675 K) (Balat and Balat, 2008), and a high methanol-to-oil ratio (usually 42:1) that 
renders the process expensive. 
 
2.6.3 Biocatalysts 
Transesterification of triglycerides using enzymes for biodiesel production 
has been studied extensively (Arai et al., 2010; Dizge and Keskinler, 2008; Ha et 
al., 2007; Hernández-Martín and Otero, 2008; Kaieda et al., 2001; Mendes et al., 
2009; Ognjanovic et al., 2009; Yang et al., 2009). The main drawback of an 
enzyme-catalyzed process stems from the high cost of the lipases used as the 
catalyst (Wang et al., 2008). In order to reduce the cost, enzyme immobilization 
has been used for ease of catalyst recovery and re-use (Li et al., 2006; Modi et al., 
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2007; Nie et al., 2006; Royon et al., 2007; Shimada et al., 2002; Watanabe et al., 
2001). However, inactivation of the enzyme in the presence of methanol decreases 
FAME yield. This problem can be resolved by the stepwise addition of methanol 
(Shimada et al., 1999). Another challenge is enzyme deactivation due to the 
presence of the glycerol by-product (Dossat et al., 1999; Oliveira and Oliveira, 
2001; Royon et al., 2007; Shimada et al., 1999).   
 
2.7 Heterogeneous Catalysts 
In chemical process industries, many types of homogeneous catalysts that 
are used in reactions are ultimately wasted. A typical example is biodiesel 
production, where the production of biodiesel via alkali-catalyzed 
transesterification results in the loss of the homogeneous alkali catalyst. Total 
worldwide biodiesel production in 2008 reached 16 billion liters (Biofuels 
Platform 2009), where 15,000 tons of alkali was used for feedstock 
transesterification (assuming 0.1% of catalyst with respect to feedstock) and then 
wasted. Further, wastewater is generated from the washing of the biodiesel product 
to remove residual homogeneous catalyst. At the later stages of the reaction, the 
glycerol by-product separates from the reaction mixture to reduce conversion 
efficiency as the catalyst is soluble in the glycerol by-product. To overcome these 
constraints, vigorous mixing of the reactants is necessary - thereby rendering the 
process more energy intensive. To minimize materials and energy consumption, 
the development of a reusable heterogeneous catalyst is a priority. In this pursuit, 
numerous studies have been reported in the last decade. Heterogeneous acid 
(López et al., 2005; Shu et al., 2009), base (Helwani et al., 2009; Kouzu et al., 
2008; Liu et al., 2008; Liu et al., 2008; Noiroj et al., 2009) and acid-base bi-
functional catalysts (Liu et al., 2007; Sun et al., 2009; Wan et al., 2009) have all 
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been studied for biodiesel production. A higher reaction temperature and pressure 
is required for solid-acid catalysts (Antunes et al., 2008; Arzamendi et al., 2007). 
Resins (Feng et al.; López et al., 2007; Shibasaki-Kitakawa et al., 2007), metal 
oxides (Helwani et al., 2009; Wang and Yang, 2007), metal organic complexes 
(Kouzu et al., 2008; Liu et al., 2008), zeolites (Macario et al., 2008; Suppes et al., 
2004; Xie et al., 2007) and metal oxides impregnated with alkali (Albuquerque et 
al., 2008; Benjapornkulaphong et al., 2009; Lukic et al., 2009; Sun et al.; Xie and 
Li, 2006) have also been studied for biodiesel production 
Table 2.2 shows a list of heterogeneous catalysts investigated for biodiesel 
production.  A continuous, heterogeneous catalyst based Esterfip-H process is 
reportedly used in the biodiesel plant of Diester Industrie (Paris) at Sete, France. 
The heterogeneous catalyst is a spinel mixed oxide of zinc and aluminium, which 
eliminates the need for product neutralization and washing steps. The process 
requires a high reaction temperature (200oC) and pressure (100 bar) (Bournay et 
al., 2005), but the purity of methyl esters exceeds 99%. In addition, the 
heterogeneous process produces glycerol as by-product with a > 98% compared to 
only 80% from a homogeneous catalyst process. Overall production economics are 
thus improved via the utilization of the reaction by-product. Another process has 
also been developed, but using titania and zirconia as a heterogeneous catalyst with 
reaction conditions of 300-450oC and 175 bar for transesterification of feedstocks 
containing free fatty acids (McNeff et al., 2008).   
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Table 2.2 Heterogeneous catalysts used for transesterification 






















Triolein 40 20 50 4 85 No (Shibasaki-
Kitakawa et 
al., 2007) 
KAl(SO4)2.12H2O Palm oil 7 9 170 3 72 * (Aderemi and 
Hameed, 
2009) 
Calcium zincate Sunflower 
oil 
3 12 60 0.8 90 No (Rubio-
Caballero et 
al., 2009) 




Canola oil 2 16 200 5 96 No (Li et al., 
2009) 
Activated CaO Sunflower 
oil 








Soybean oil 4 24 65 2 98 * (Liu et al., 
2008) 
Nano MgO Soybean oil 3 36 260 
(3bar) 
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Catalysts with supports 
 




10 15 65 3 99 * (Ngamcharussr
ivichai et al., 
2007) 




1 12 195 
(20bar) 
2 54 * (Kolaczkowski 
et al., 2009) 






2 15 120 0.2
5 




Palm oil 3 15 70 3 91 * (Noiroj et al., 
2009) 
KF/nanoAl2O3 Canola oil 3 15 65 8 98 * (Boz et al., 
2009) 
KI/SiO2 Soybean oil 5 16 70 8 90 * (Samart et al., 
2009) 
K2CO3/MgO Soybean oil 1 6 70 2 99 * (Liang et al., 
2009) 
KNO3/Al2O3 Jatropha oil 6 12 70 6 84 * (Vyas et al., 
2009) 




1 12 60 5 95 No (Albuquerque 
et al., 2008) 
LiNO3/CaO Rapeseed 
oil 
1 6 60 3 90 Yes (MacLeod et 
al., 2008) 
 
* No details on catalyst lixiviation given,  
MR- Methanol oil molar ratio, C% - Catalyst weight % (with respect to oil)  
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2.7.1 Heterogeneous base catalysts 
Table 2.2 summarizes the various solid base catalysts studied for 
transesterification. Among all the solid base catalysts, calcium based catalysts have 
been studied extensively. Liu et al., (2008) have found the biodiesel yield exceeded 
95% after 3 hours for the transesterification of soybean oil using CaO as the solid 
base catalyst. A water content up to 2% improved the catalytic activity of CaO, and 
the catalyst sustained 20 cycles of reuse. However, the lixiviation of catalyst to the 
reaction medium was not investigated. In another study, CaO activated at 700oC 
for 2 hours, showed better performance than CaO (Granados et al., 2007). The 
study revealed the homogeneous species leaching from the catalyst by methanol 
can give 60% FAME yield. CaO has strong affinity for CO2, and carbonation of 
CaO reduces catalytic activity drastically (Granados et al., 2007). However, the 
same author recently reported the homogeneous contribution from leached species 
can be considered negligible if the catalyst loading was greater than 1% (with 
respect to oil) (Granados et al., 2009). The catalytic activity of CaO was affected 
by the precursor used to prepare the catalyst. CaO prepared from calcining calcium 
hydroxide at 600 – 800oC showed the highest catalytic activity compared to CaO 
prepared with other precursors including calcium acetate, carbonate, nitrate and 
oxalate (Cho et al., 2009). Calcium based, low-cost solid catalysts such as waste 
egg shell (Viriya-empikul et al., 2010; Wei et al., 2009) and mud crab shell  (Boey 
et al., 2009) have been studied for biodiesel production. The shell materials were 
calcined in air at 200-1000oC for 2-4 hours to convert the calcium species to 
activated CaO.   
A new group of solid base catalysts have been developed by impregnating 
CaO on mesoporous silica (SBA-15, MCM-41 and fumed silica). A 14 wt% of 
CHAPTER 2  LITERATURE REVIEW 
 24 
 
CaO supported on SBA-15 was the most active catalyst without any lixiviation to 
the reaction medium, where more than 95% FAME yield was obtained in 5 h using 
sunflower oil as feedstock (Albuquerque et al., 2008). In biodiesel production from 
jatropha curcas oil (Zhu et al., 2006), using a CaO solid catalyst dipped in 
ammonium nitrate followed by calcination at 900°C, it was shown that a 
conversion yield of 93% was achievable after 3.5 h of transesterification at a 
reaction temperature of 70 °C, with a catalyst dose and oil-to-methanol ratio of 
1.5% and 9:1, respectively. Alkali (Li, Na, and K) promoted CaO showed 
promising results for transesterification of rapeseed oil (Alonso et al., 2009; 
MacLeod et al., 2008). Li-CaO gave 99% FAME yield in 3 h at 60 oC with 6:1 
methanol oil ratio and 5% catalyst. However, lixiviation of the catalyst was 
observed in the reaction medium. Further investigation revealed that when the 
calcining temperature exceeded 700oC the homogeneous contribution was 
significant, but was negligible for a calcining temperature less than 500oC (Alonso 
et al., 2009).  
Metal methoxides such as calcium and magnesium methoxides have been 
studied for biodiesel production (Martyanov and Sayari, 2008). Magnesium 
methoxides are deactivated within 4 hours due to formation of surface complexes 
with the feedstock. However, in another study the calcium methoxide was reused 
twenty times without any significant deactivation of the catalyst, although 
lixiviation of the catalyst to the reaction medium was not investigated. 
A solid base catalyst, prepared under specified conditions of 3.5wt% KNO3 
loadings on Al2O3 substrate followed by calcinations at 773 K for 5 h produced the 
catalytic group of Al–O–K which favored the conversion of soybean oil into 
methyl esters (Li and Rudolph, 2007), with a FAME yield of more than 75%. A 
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yield in excess of 95% was observed below 70 °C within 30 min for soybean oil 
transesterification in the presence of SrO as a heterogeneous catalyst. A long 
catalyst lifetime for SrO was also observed, where the catalyst was able to sustain 
its activity without a reduction in product yield after repeated usage over ten cycles 
(Liu et al., 2007). 
 
2.7.2 Heterogeneous acid catalysts 
Despite lower activity, solid acid catalysts have been used in many 
industrial processes as they contain a variety of active acid sites, with different 
strengths of Bronsted or Lewis acidity, compared to homogenous acid catalysts. 
Solid acid catalysts, such as Nafion-NR50, sulfated zirconia and tungstated 
zirconia were chosen to catalyze biodiesel-forming transesterification due to the 
presence of a sufficient acid site strength. Among the solid catalysts, Nafion 
demonstrated higher selectivity towards the production of methyl ester and 
glycerol due to its acid strength (Chai et al., 2007; Clark, 2002; López et al., 2007). 
However, Nafion has the disadvantages of high cost and lower activity compared 
to liquid acids (Chai et al., 2007). Vegetable oil containing FFA was found to react 
with a base catalyst forming soap which then deactivates the base catalyst resulting 
in an inefficient reaction. It was reported that the transesterification of PDO using 
sulfated zirconia as a heterogeneous acid catalyst (SO4−2/ZrO2) and tungstated 
zirconia (WO3/ZrO2) successfully converted FFA to FAME prior to the biodiesel 
production. The pelletized WO3/ ZrO2 was used for the reaction over an extended 
period, and it was found that a 65% conversion efficiency could be maintained for 
up to 140 h (Park et al., 2008). In another study (Chai et al., 2007), the production 
of high quality biodiesel fuel from PDO using solid heteropolyacid 
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(Cs2.5H0.5PW12O40) shows that the catalyst was capable of a 99% yield at reaction 
conditions of 55oC, a 5.3:1 methanol-oil-ratio and 0.1% catalyst using THF as the 
co-solvent. 
 
2.7.3 Limitations of heterogeneous catalysts studied 
The major drawback of heterogeneous catalysis is the lixiviation of the 
catalyst into the reaction medium (Granados et al., 2007; MacLeod et al., 2008). 
Many studies have not accounted for this homogeneous catalytic contribution of 
leached metal ions into the reaction medium, where de-activation of the catalyst 
after the first cycle prevents viable commercial application (Jitputti et al., 2006; 
Ngamcharussrivichai et al., 2008). In most solid catalyzed experiments conducted 
to date, the reaction proceeds at a slow rate (Gryglewicz, 1999). The presence of 
heterogeneous catalyst can turn the reaction mixture into a three-phase system i.e. 
oil–methanol-catalyst, which protracts the reaction time due to an increased mass 
transfer resistance. Compared to a homogenously catalyzed process, 
transesterification with a solid catalyst requires a higher reaction temperature and 
pressure due to the fact that the solid catalyst forms an immiscible liquid-liquid-
solid three- phase system (corresponding to oil, methanol and catalyst) that is mass 
transfer limited (Singh and Fernando, 2007).  
 
2.8 Reaction variables affecting transesterification 
Feedstock, alcohol, catalyst, reaction temperature, alcohol-oil molar ratio, 
amount of catalyst, reaction time, co-solvents and agitation speed are all important 
factors which can impact on the rate of reaction and equilibrium conversion.  
 




2.8.1  Molar ratio of alcohol and oil 
Short chain alcohols are preferred for the transesterification reaction. 
Methanol gives a higher conversion efficiency than ethanol or butanol (Zhou et al., 
2003). From many studies it has been reported that a key factor affecting yield of 
biodiesel is the molar ratio of alcohol to triglyceride (Freedman et al., 1986; Leung 
and Guo, 2006; Ma and Hanna, 1999; Zhang et al., 2003). Theoretically, the ratio 
for the transesterification reaction requires 3 mol of alcohol for 1 mol of 
triglyceride to produce 3 mol of fatty acid ester and 1 mol of glycerol.  However, 
the reaction is reversible; therefore, in order to ensure complete conversion of the 
oils or fats to esters in a short time, a higher alcohol- to-triglyceride ratio is used. 
The yield of biodiesel is increased when the alcohol triglyceride ratio is raised 
beyond 3, and reaches a maximum at an optimal methanol-to-oil ratio. Further 
increasing the alcohol amount beyond the optimal ratio does not increase the yield, 
but only increases cost of alcohol recovery (Leung and Guo, 2006). In addition, the 
molar ratio is associated with the type of catalyst used and the molar ratio of 
alcohol-to-triglycerides in most investigations is 6:1 with the use of an alkali 
catalyst (Freedman et al., 1986; Zhang et al., 2003). When the percentage of FFA 
in the oils or fats is elevated, a molar ratio as high as 50:1 is needed for an acid-
catalyzed transesterification (Ali et al., 1995; Leung and Guo, 2006; Zhang et al., 
2003). 
 
2.8.2 Reaction temperature 
Since transesterification is an endothermic reaction, temperature influences 
both reaction rate and yield of the biodiesel product. A higher reaction temperature 
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decreases the viscosity of the feedstock and decreases mass transfer resistance to 
give an increased reaction rate, and shortened reaction time. However, the reaction 
temperature must be less than the boiling point of the alcohol used in order to 
ensure that the alcohol will not escape to the vapor phase. Depending on the oil 
used and catalyst, the optimal reaction temperature ranges from 50oC to 150oC 
(Freedman et al., 1984; Leung and Guo, 2006; Ma and Hanna, 1999). When 
reaction temperature increases beyond the optimal level, the yield of biodiesel 
product decreases due to saponification of the triglycerides (Eevera et al., 2009; 
Leung and Guo, 2006).  
 
2.8.3 Catalyst concentration 
As the catalyst concentration increases, the conversion of triglyceride and 
the yield of biodiesel increase. Usually, the yield reaches an optimal value and then 
decreases with a further increase in catalyst concentration. The reduction of 
biodiesel yield is due to the addition of excessive alkali catalyst causing more 
triglycerides to react with the alkali catalyst to form more soaps (Eevera et al., 
2009; Leung and Guo, 2006).  
 
2.8.4 Reaction time 
The conversion rate of fatty acid esters increases with reaction time 
(Freedman et al., 1984). At the beginning, the reaction is slow due to the mixing 
and dispersion of alcohol into the oil feedstock. After complete dispersion, the 
reaction proceeds rapidly. Normally, for heterogeneous catalysts, the yield reaches 
a maximum at a reaction time of less than 180 min, and then remains relatively 
constant (Leung and Guo, 2006). Moreover, an excess reaction time leads to a 
CHAPTER 2  LITERATURE REVIEW 
 29 
 
reduction in product yield due to the backward reaction of transesterification, 
resulting in the loss of esters as well as causing more fatty acids to form soaps 
(Eevera et al., 2009; Ma et al., 1998).  
 
2.8.5 Co-solvents  
Alcohol and oil exist in two different phases during the transesterification 
reaction. In order to reduce the mass transfer resistance between the phases, co-
solvents can be introduced. Various co-solvents including hexane, dimethyl ether, 
diethyl ether, tert-butyl methyl ether and tetrahydrofuran have been tested with the 
methanol-oil phase for both homogeneous and heterogeneous catalyzed 
transesterification (Guan et al., 2009). Excessive addition of co-solvent could 
reduce the rate of reaction and increase the operating cost. The optimal value for 
co-solvent methanol ratio should be identified for the each of the solvents. When 
the heterogeneous catalyst Na/NaOH/Al2O3 was used dimethyl ether and THF had 
a negative impact on FAME yield. The FAME yield reduced from 75% to only 
20% when co-solvents were added. However, a 5:1 molar ratio of oil to hexane 
improved FAME yield by 10% (Kim et al., 2004). In another study THF (1:1 
volume ratio of THF and methanol) improved the FAME yield to 90% for a 
homogeneous Lewis acid (AlCl3) catalyzed transesterification of canola oil at 
methanol-to-oil ratios in the range of 6-60 at 110 oC and 5% AlCl3 (Soriano Jr et 
al., 2009). 
 
2.8.6 Optimization of variables 
From the literature it is clear that reaction variables including temperature, 
reaction time, the amount of catalyst, methanol-to-oil molar ratio and amount of 
CHAPTER 2  LITERATURE REVIEW 
 30 
 
co-solvent need to be maintained at an optimum level in the transesterification 
reaction in order to maximize FAME yield. The optimization of variables using a 
‘one at a time’ method is not appropriate due to interaction effects between the 
variables. Response surface methodology (RSM) is a useful method for 
multivariable optimization in experimental design. RSM is a statistical design and 
analysis tool for the optimization of independent process variables. Previously 
transesterification of PDO using heterogeneous inorganic catalysts (Albuquerque 
et al., 2008; Zabeti et al.; Zabeti et al., 2009) and enzyme catalysts (Chen et al., 
2008; Halim et al., 2009; Shieh et al., 2003; Uosukainen et al., 1999) have been 
optimized using RSM. 
 
2.9 Alternative Feedstocks 
There are two key factors driving the industry to seek new sustainable 
feedstocks, in place of conventional PDOs: first, the cost of the feedstock accounts 
for 70-80% of biodiesel production costs (Shi and Bao, 2008); and second, the 
supply of feedstock to satisfy growing demand is not possible with conventional 
PDO sources alone. Researchers have therefore explored the feasibility of using a 
range of alternative feedstocks for biodiesel production, including: waste cooking 
oil (Wang et al., 2007); FOG (fats, oils and grease); primary and secondary sludge 
collected from wastewater treatment plants (Mondala et al., 2009); animal tallow 
(Liu et al., 2007); used grease (Diaz-Felix et al., 2009); acidulated soap stocks 
(Shao et al., 2009); spent coffee ground (Kondamudi et al., 2008); feather meal 
(Kondamudi et al., 2009); rubber seed oil (Ramadhas et al., 2005); jatropha oil and 
croton nut oil (Mohibbe Azam et al., 2005) for biodiesel production. Lipid 
extracted from microalgae is strongly emerging as the next generation feedstock 
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for the biofuel production (Stephens et al., 2010). Studies have shown that lipid 
yield from microalgae can be up to 20 times higher than current primary feedstock 
yields conventionally used for biodiesel production. For example, palm yields 
approximately 5950 litres of oil feedstock per hectare (Chisti, 2008), but yields 
from microalgae will be in the range of 58,700 – 136,900 litres/hectare. 
 
2.9.1 Microalgae lipid extraction and classification 
Processing of harvested microalgal biomass to extract lipid-oil can be an 
energy intensive process as it requires separation and dewatering of the 
microalgae, biomass drying and the subsequent extraction and purification of lipid-
oil. The crude MDO contains not only lipid-oils, but also carbohydrates, proteins 
and pigments. The lipids can be further classified into neutral lipids, free fatty 
acids, and polar lipids which include galacto- and phospholipids (Berge et al., 
1995). The lipid composition of various types of microalgae has been reported by 
several researchers, for Diatoms (Berge et al., 1995), Nannochloropsis (Hodgson et 
al., 1991) and Phaeodactylum tricornutum (Yongmanitchai and Ward, 1992).   
Lee et al., (1998) studied various microalgae lipid extraction methods and 
solvent systems and compared relative extraction efficiencies, and reported that 
cell disruption with a micro-bead beater followed by extraction with 
chloroform:methanol (2:1 v/v) was the most effective method for lipid extraction 
(Lee et al., 1998). Addition of concentrated hydrochloric acid to a 
chloroform:methanol solvent system increased the total lipid extracted, especially 
phospholipids, in microalgae i.e. Botryococcus braunii, Phaeodactylum 
tricornutum, Chlorosarcinopsis negevensis and Fragillaria construens (Dubinsky 
and Aaronson, 1979). In addition to organic solvents, supercritical carbon dioxide 
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has been used for the extraction of lipid from fungi (Priyadarshini et al., 2008; 
Walker et al., 1999).  
However, to date, no study has reported on the effect of biomass moisture 
content, drying method, or solvent extraction system on the recovery and 
characteristics of extracted lipid from microalgae. Lipid composition with respect 
to neutral lipid, FFA and polar lipid content is of great significance during the 
transesterification reaction for biodiesel, where a higher neutral lipid content 
improves the overall yield of methyl esters from the transesterification reaction due 
to the presence of FFA molecules. If the FFA fraction of the feedstock exceeds 
4%, then conventional homogeneous alkali catalysts react with FFA to form soap 
which impairs reaction efficiency and causes poor separation of biodiesel from the 
reaction mixture. Similarly, the effect of polar lipids and associated reaction by-
products on the transesterification reaction has yet to be investigated in detail.  
 
2.9.2 Transesterification of microalgae lipid  
Heterogeneous and enzymatic catalysis of microalgae lipids have been 
recently studied for biodiesel production. Lipid oil extracted from Nannochloropsis 
oculata was converted to FAME using the heterogeneous catalysts CaO, MgO and 
alumina supported CaO and MgO, where FAME yield reached 97.5% using 
alumina supported CaO (at 80% loading) at 2% catalyst (wt%, with respect to 
lipid), 50oC, and a 30:1 methanol-to-oil ratio (Umdu et al., 2009). However, the 
study did not mention the non-saponifiable fraction of the algal lipid to explain the 
very high FAME yield (97.5%) achieved, and whether lixiviation of catalyst to the 
reaction medium took place. In another study, lipid oil extracted from Chlorella 
protothecoides was converted using immobilized lipase derived from yeast 
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(Candida. sp). At a 75% lipase content (12,000 lipase units/g with respect to lipid 
content), a methanol-to-oil ratio of 3:1 and a reaction temperature of 38oC, FAME 
yield reached 98.15% in 12 hours (Li et al., 2007).  
 
2.9.3 Challenges of using MDO as a feedstock 
Crude PDOs typically contain 1-2% of polar lipids (Mukhopadhyay, 2000) 
and 0.5% of FFA, as well as 20-50ppm of pigment impurities (Diosady, 2005) 
which are usually removed during the refining process. MDO can contain up to 
40% of polar lipids (Hodgson et al., 1991), 30% of FFA  (Berge et al., 1995) with 
respect to total lipids, and 6%  pigment as dry weight of biomass (Lubian et al., 
1999).  Actual composition depends on species; mode of culture (photoautotrophic, 
mixotrophic or heterotrophic); age of the culture; and biomass drying and lipid 
extraction methods used. At room temperature (23oC) MDO is a semi-solid. 
Separation of non-saponifiable impurities either from the feedstock (MDO) or 
from the product i.e. biodiesel is another major challenge when MDO is used as a 
biodiesel feedstock. Removal of polar impurities from the biodiesel has been 
previously studied by various authors using different adsorbents such as ion 
exchange resin, magnesol, silica gel and rice hull ash (Berrios and Skelton, 2008; 
Ozgul-Yucel and Turkay, 2003; Yori et al., 2007), but removal of pigment and 
reaction intermediates of polar lipids from biodiesel product has yet to be studied..  
 
2.10 Research need 
From the literature review, it is apparent that heterogeneous 
transesterification of microalgal lipids has not yet been studied in detail. In order to 
evaluate the potential of MDO as a feedstock for biodiesel, heterogeneous 
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catalysis, as well as feedstock generation and characterization warrant further 
investigation. Conventional PDO feedstock typically used for biodiesel production 
comprises only triglycerides, but MDO is a mixture of different compounds 
including triglycerides, polar lipids and pigments. The proportions of each can also 
be expected to vary will vary according to the species of microalgae used for 
feedstock generation and whether biomass was generated via photoautotrophic, 
heterotrophic and mixotrophic culture. No study has yet identified the influence of 
the different fractions of MDO on transesterification kinetics and product quality. 
Favourable fractions for transesterification in MDO may be maximized by 
selecting the suitable species, drying and extraction techniques to improve the 
conversion and product quality.  
Hence the objectives of this research work (as stated in Chapter 1) were 
developed in order to address the research needs associated with the heterogeneous 
catalysis of complex MDO feedstocks, containing polar lipids, water and other 







Transesterification of Triglycerides 
 
This chapter addresses the first target i.e. identifying a suitable 
heterogeneous catalyst for transesterification of triglycerides and to optimize the 
reaction variables. Physical and catalytic properties of the catalyst are also 
addressed. Pure triglycerides from refined soybean oil were used as the feedstock 
to explore the factors affecting the reaction i.e.: temperature; amount of catalyst; 
methanol to oil molar ratio; moisture content of the feedstock; and the presence of 
co-solvent. Catalyst lixiviation and reusability were also investigated. Finally, 
optimization of the reaction variables using response surface methodology (RSM) 
is presented. This investigation serves as the platform to achieve the other research 
objectives that comprise Phase I and Phase II of the research. 
 
3.1 Background 
Alkali catalysed transesterification of plant derived oils (PDO) to produce 
fatty acid methyl esters (FAME) i.e. biodiesel is a well established process. 
However, two critical limitations of the current process are catalyst reusability and 
the refinement of the feedstock to remove free fatty acids, polar lipids and 
moisture. The first limitation has been addressed in many studies, which have 
investigated the use of heterogeneous catalysts for transesterification (Granados et 
al., 2007; Gryglewicz, 1999; Helwani et al., 2009; Jitputti et al., 2006; López et al., 
2007; Noiroj et al., 2009), but the second limitation has not been given sufficient 
importance.  
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Since the scope of the research also includes microalgae derived oils 
(MDO) as a feedstock for transesterification to FAME, the quality of feedstock 
warrants particular attention. The high polar lipid content of MDO renders the 
conversion to FAME challenging. In addition, recovered and centrifuged 
microalgae biomass typically contains approximately 80% water content. For an 
alkali-catalysed transesterification, the drying of microalgae before lipid extraction 
is mandatory. Hence, the use of a catalyst with high stability, suited for use on a 
feedstock with a high water content was studied. The objective of the investigation 
is to identify a heterogeneous catalyst that is effective for the transesterification of 
oil feedstocks with elevated water content using reaction conditions similar to 
those used for homogeneous alkali catalysts i.e. at atmospheric pressure and a 
reaction temperature of 65oC. 
 
3.2 Materials and Methods 
3.2.1 Materials 
Hexane (HPLC grade) was purchased from Tedia Company Inc. Fatty acid 
methyl ester (FAME) standards, methanol (ACS reagent grade), calcium metal 
(98%), calcium oxide (>99%), magnesium oxide (99% with a particle size -325 
mesh), magnesium nitrate (99% ACS reagent), zinc nitrate (98%) lithium nitrate 
(reagent plus), zirconia (<5 micron, 99%), alumina (150 mesh) and hydrotalcite 
(synthetic) were purchased from Sigma Aldrich. Calcium nitrate (> 99%) and 
glycerol (anhydrous) were purchased from Fluka. Refined soybean oil with less 
than a 0.05% moisture content and an acid value of 0.2 mg of KOH/g of sample 
was purchased from a local store and used without further purification. 
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3.2.2 Catalysts preparation 
Calcium oxide (CaO) and magnesium oxide (MgO) were calcined at 600oC 
for 2 hours, and hydrotalcite (HTC) was calcined at 550oC for 12 hours prior to use 
in the transesterification reaction. Calcium methoxide was prepared either from 
calcium metal (Gryglewicz, 1999) or calcium oxide (Kouzu et al., 2008). 2g of 
calcium metal was reacted with 100 ml of methanol under reflux for 4 hours. After 
reaction, the solids were separated from the slurry and dried in a vacuum oven at 
40oC for 4 hours (subsequently referred to as CaMeOHCa). 
Ca + 2CH3OH    Ca(OCH3)2 + H2         (3.1) 
For the second method, 2g of calcium oxide was reacted with 40 ml of 
methanol under reflux for 4 hours and then catalysts were separated, dried 
(subsequently referred to as CaMeOHCaO). Calcium diglyceroxide was prepared in 
a similar way, but instead of 40 ml methanol, 20ml of methanol and 20ml of 
glycerol was reacted with calcium oxide under reflux.    
3.8g of calcium nitrate tetrahydrate and 4.2g of magnesium nitrate 
hexahydrate were mixed with 1g of zirconia separately and calcined in a drying 
oven as follows: 2oC/min to 900oC; then 20oC/min to 1050oC and held for 4 hours. 
The calcined materials were then crushed in a mortar and pestle to obtain the 
catalysts CaO/ZrO2 and MgO/ZrO2. 
Ammonium hydroxide at 0.1M solution was added in drops to an 
equimolar solution of calcium and zinc nitrate. The precipitate was aged at 60oC 
for 24 hours and then solids were separated and calcined at 550oC for 2 hours to 
obtain catalyst CaO/ZnO. In a similar way, magnesium and zinc oxide complex 
were prepared. 
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Zinc aluminate, with an Al to Zn atomic ratio of 2:1 was prepared by 
calcining the alumina and zinc nitrate paste at 550oC for 2 hours. Lithium loaded 
calcium oxide was prepared by calcining the lithium nitrate and calcium oxide 
paste (1:1 w/w) at 550oC for 2 hours. 
 
3.2.3 Characterization of catalyst 
3.2.3.1 BET Surface area Analysis 
 The BET (Brunauer-Emmet-Teller) surface area, pore volume and average 
pore diameter of the catalysts were determined via nitrogen physisorption at 77K 
using a Nova 4200e Quantachrome analyser. A known weight of sample was 
loaded into the chamber and degassed for 8 hours with nitrogen purging at 358K 
prior to analysis. A relative pressure range of 0.017-0.32 bar was selected for 
multi-point BET surface area calculation. The pore volume was evaluated at a 
relative pressure of 0.99bar, and the average pore diameter and pore size 
distribution were calculated using the Barrett-Joyner-Halenda (BJH) method.  
 
3.2.3.2 Thermo-gravimetric Analysis 
 Thermo-gravimetric analysis (TGA) of the catalysts was carried out using a 
TGA 2050 (TA Instruments) analyser with 100ml/min nitrogen flow, and a 
temperature ramp of 10oC/min to 900oC.  
 
3.2.3.3 SEM EDS Analysis 
 Surface properties and morphology of the catalyst were analysed using a 
JEOL JSM-5600 LV SEM (Japan) scanning electron microscope with energy 
dispersive X-ray spectroscopy (SEM EDS). A working distance of 5-10mm, in 
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secondary electron (SE) mode, and an accelerating voltage of 15keV were used to 
view samples. The energy dispersive spectroscopy of the catalyst was collected 
using a digital data acquisition system to find elements present on the surface of 
the catalysts.  
 
3.2.3.4 FTIR Analysis 
 FTIR analysis of the catalysts was completed using a FTS-135 Biorad 
spectrophotometer to identify molecular surface groups. The KBr pellets were 
prepared by weighing 98mg of potassium bromide and 2mg of catalyst and mixing 
them in a mortar and pestle followed by pelletization in a hydraulic press. KBr disk 
thus prepared was carefully taken and checked for uniform thickness and kept in 
the FTIR slot for analysis. Each spetrum was an average of 128 scans taken with 
4cm-1 resolution in the range of 400-4000cm-1.  
 
3.2.4 Transesterification experiments 
A 100ml round bottom flask with a septum inlet was used as the batch 
reactor for transesterification experiments. The reactor was heated in an oil bath on 
a hot plate with magnetic stirrer. 20g of soybean oil was used for each experiment. 
Catalyst and methanol were added when the oil temperature reached the desired 
value. The reactor was closed with a reflux condenser to avoid methanol loss 
during reaction, and magnetic stirring at 700rpm was used to achieve homogenous 
mixing. Approximately 100µL of sample was taken in triplicate from the reactor at 
specific times and then centrifuged in a Kubato centrifuge at 8000 rpm for 5 
minutes. The reaction mixture was separated into three layers i.e. solid catalyst at 
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the bottom, glycerol and methanol at the middle, and FAME and unreacted oil at 
the top.  
3.2.5 Analysis of FAME 
From the top non-polar layer, 10µl aliquot with known weight was taken and 
diluted with hexane for FAME analysis using a GCMS (GC-QP2010, Shimadzu, 
Japan). Each sample was spiked with methyl heptadecanoate as an internal 
standard. A capillary column DB-5MS, with a length of 30m, a film thickness of 
0.25mm and an internal diameter of 0.25µm was used for the analysis. Helium was 
used as the carrier gas, and the detector and injection temperature was set at 280oC. 
The temperature program of the GC column was as follows: 50oC held for 2 min; 
increased at a rate of 10oC.min-1 to 150oC and held for 2 min; at 185oC held for 2 
min; and at 300oC held for 2 min. FAME yield was calculated as follows: 
(3.2)  
 
3.3 Results and discussion 
3.3.1 Catalyst screening 
Metal oxides were screened for the transesterification of soybean oil to produce 
FAME. The experiments were conducted at 80oC for 8 hours with 10% catalyst 
(with respect to mass of soybean oil) and a methanol-to-oil molar ratio of 24:1. 
FAME yield for the catalysts studied are given in Figure 3.1. Calcium based 
catalysts had superior conversion efficiency relative to magnesium and zinc based 
catalysts. Calcined CaO and CaMeOHCa produced a FAME yield of 95% and 93% 
respectively, but the rate of reaction was lower for CaO than CaMeOHCa (see 
Figure 3.2). Calcium methoxide was selected for further investigation.         




























































Figure 3.1 FAME yield for different heterogeneous catalysts for the reaction 
condition: 10% catalyst, 80oC reaction temperature and methanol-to-oil ratio of 
24:1 
 
3.3.2 Catalyst characterization 
A catalyst with high surface area and less pore volume is preferable for 
catalysis. The surface area, pore volume and average pore diameter of the catalysts 
CaMeOHCa and CaMeOHCaO are given in Table 3.1. CaMeoHCa comprised fine 
particles with ten times more surface area and 16 times more pore volume than 
CaMeOHCaO. The average pore diameter was around 3 to 4nm for both catalysts. 
The results suggest the catalysts comprised highly porous crystals.  The higher 
surface area of CaMeOHCa explained its superior catalytic activity over 
CaMeOHCaO.  The BJH pore size distribution of both catalysts showed an absence 
of mesopores, where pore radius was restricted to between 3 and 30nm, 
Scanning electron microscopy with energy dispersive X-ray spectroscopy 
was used to analyze catalysts size and shape and surface elemental compositions. 
Figure 3.2 shows the SEM image of the catalyst CaMeOHCa. The crystals were 
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agglomerated to form larger particles. Surface elemental analysis was used to 
compare the two catalysts CaMeOHCa and CaMeOHCaO (see Table 3.2). The 
atomic ratio of C/Ca for the catalyst CaMeOHCa was just half that of its theoretical 
value of 2. Hence, the external surface area contains both Ca(OH)2 and CaO. The 
atomic ratio of O/Ca for CaMeOHCa was 3.2 which was higher than the theoretical 
value of 2, meaning assumptions for moisture adsorption and oxidation of calcium 
methoxide to calcium oxide are strongly supported. The atomic ratio of C/Ca for 
the catalyst CaMeOHCaO was only 0.1 i.e. much smaller than theoretical value of 2. 
The low value of C/Ca shows that calcium oxide was not converted to calcium 
methoxide over a period of 4 hours under methanol reflux.  
TGA analysis confirmed that CaMeOHCaO was merely calcium oxide; 
where the weight loss was only 7% due to thermal degradation (see Figure 3.3), 
whereas it reached 41.5% for CaMeOHCa. Decomposition was observed for 
CaMeOHCa at both 400oC and 600oC under nitrogen purging. The material balance 
for the CaMeOHCa decomposition was difficult to derive as the number of water, 
carbon monoxide, carbon dioxide and organic molecules formed during calcination 
were unknown. From the SEM analysis, it was predicted that CaMeOHCa consisted 
of both CaO and Ca(OCH3)2, and henceforth is therefore referred to as  
CaOx(OCH3)2-2x. Weight loss from the TGA analysis was used to determine the 
value of x in the formula as 0.13, where the actual composition of the catalysts 
CaMeOHCa was CaO0.13(OCH3)1.74 . 
FTIR analysis was used to identify the important surface groups existing in 
CaMeOHCa and CaMeOHCaO. FTIR spectra of CaMeOHCaO and CaO reaffirmed 
the findings from TGA and SEM analysis i.e. CaMeOHCaO comprised only calcium 
oxide (Figure 3.4). Similar spectra were obtained for CaO and CaMeOHCaO, where 
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both the catalysts had only surface carbonates groups (IR peaks between 1350 and 
1500cm-1) due to strong adsorption of CO2 from the surroundings.  
 
Figure 3.2 SEM image of CaMeOHCa with 650 times of magnification 
 







Calcium methoxide from CaO







Figure 3.3 Thermogravimetric analyses of CaMeOHCa and CaMeOHCaO 
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Calcium methoxide from CaO









Figure 3.4 Comparison of FTIR spectra of CaO, CaMeOHCaO and CaMeOHCa 
The absence of characteristic peaks for C-H bond stretching indicated that the 
reaction between uncalcined CaO and methanol was too slow to form calcium 
methoxide in 4 hours. For CaMeOHCa the presence of prominent peaks between 
2800-3000cm-1 show C-H bond stretching vibration in surface methyl (CH3) 
groups. Oxygen-carbon vibration in the methoxide group (-OCH3) was reflected by 
the single peak at 1050cm-1. The surface of the base catalysts also attracted carbon 
dioxide and moisture. The broad peak at 3450 cm-1 is characteristic of oxygen-
hydrogen vibrations in water molecules and the single peak at 1650cm-1 confirmed 
the presence of water molecules on the surface. Similarly the overlapping peaks 
between 1350 and 1500cm-1 indicate the presence of surface carbonates. 
Table 3.1 Comparison of BET analysis for calcium methoxide prepared from 









CaMeOH (Ca) 32±0.9 0.193 1.913 
CaMeOH (CaO) 3±0.1 0.012 1.526 
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Table 3.2 Chemical composition of calcium methoxide from SEM EDS analysis 
 CaMeOHCa CaMeOHCaO 
Element Weight % Atomic % Weight % Atomic % 
C 11.16 18.43 2.01 4.03 
O 50.46 62.57 41.23 61.93 
Ca 38.38 19.00 56.76 34.04 
Total 100 100 100 100 
 
 
3.3.3 Effect of catalyst preparation method 
Figure 3.5 compares the catalytic activity of calcium methoxide prepared 
from calcium metal and calcium oxide with that of calcined CaO. The initial 
reaction rate was much slower for CaMeOHCaO  - it can be seen from Figure 3.5 
after 180 minutes the conversion to FAME was less than 10%. The formation of 
reactive intermediate methoxide ions was faster for CaMeOHCa compared to 
CaMeOHCaO and CaO. The experiments also re-confirmed the findings of the 
characterization studies where uncalcined CaO was not converted to calcium 
methoxide under a four hour methanol reflux. This result contradicts the earlier 
findings  (Kouzu et al., 2008). Possible reasons could be related to the energy input 
to the reaction by heating, and properties of CaO. In this study, the CaO (without 
pre-treatment) was used for the preparation of CaMeOHCao, where CaO may have 
been pre-contaminated due to surface adsorption of CO2 and moisture. The higher 
FAME conversion efficiency achieved for calcined CaO strongly supports this 
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finding. Hence, in preference, CaMeOHCa was selected for further study to 
investigate the effect of reaction variables on FAME yield. 


















Figure 3.5 Catalytic activity of CaO, CaMeOHCaO and CaMeOHCa for 
transesterification of soybean oil with 4% catalyst, 60oC and a 6:1 methanol-to-oil 
molar ratio 
 
3.3.4 Effect of catalyst amount 
In this study, the amount of catalyst (calcium methoxide) was varied from 
0.4% to 4% with respect to mass of oil where other reaction temperature (60oC) 
and methanol-to-oil ratio (6:1) were held constant. Figure 3.6 shows that increased 
catalyst concentration had a positive impact on FAME yield. After 4 hours, 
conversion to FAME reached only 26% when catalyst concentration was 0.4%, but 
92% for 4% catalyst. Catalytic activity mainly depends on the external surface area 
of the catalyst available for reaction. Catalysts comprised fine crystals with 
micropores of an average diameter of 4nm, hence the possibility of conversion on 
the inside surface of pores was relatively low. For heterogeneous catalysis, the 
conversion rate is determined by reaction rate and mass transfer properties. 
Initially, the catalyst surface was vacant and transfer of methanol and triglyceride 
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molecules to the surface was predominant, meaning conversion is dependent on the 
rate of reaction of surface triglyceride molecules to FAME. At a later phase, 
reactant concentration decreases and the diffusion of triglyceride and methanol 
molecules to the catalysts surface becomes the rate limiting step for FAME 
production. From Figure 3.6, it is seen that when 4% catalyst is used the soybean 
oil conversion reached the mass transfer controlled phase faster i.e. after 2 hours, 
resulting in a higher oil conversion rate than at lower catalyst concentrations. 



















Figure 3.6 Effects of catalyst amount on FAME yield at 60oC and a 6:1 methanol-
to-oil molar ratio 
 
3.3.5 Effect of temperature 
Reaction temperature is one of the important variables in biodiesel 
production as it affects both the reaction and mass transfer rate. Intrinsic reaction 
rate constants are strongly influenced by temperature. Feedstock oil viscosity also 
decreases with an increase in temperature and raises mass transfer between the 
liquid and solid phases to enhance FAME yield. The reaction temperature was 
varied between 40oC and 80oC, while catalyst amount (4%) and methanol-to-oil 
ratio (6:1) were held constant. Figure 3.7 shows that reaction rate was increased 
CHAPTER 3  TRANSESTERIFICATION OF TRIGLYCERIDES 
 48 
with an increase in temperature, but at 80oC the initial reaction rate decreased after 
90 minutes. As the boiling point of methanol is 64oC, more methanol molecules 
will be in the vapour phase at 80oC, where the presence of an additional phase in 
the reaction mixture adversely affects feedstock conversion. Initially, the 
availability of methanol molecules was not influenced by temperature, but as the 
reaction proceeds the methanol concentration decreases and the adverse effect 
becomes more pronounced at the final stages of reaction. From this study, a 
reaction temperature 60oC was selected for FAME production using CaMeOHCa. 



















Figure 3.7 Effect of reaction temperature on FAME yield at 4% catalyst 
concentration and a 6:1 methanol-to-oil molar ratio 
 
3.3.6 Effect of methanol-to-oil ratio 
The methanol-to-oil molar ratio was varied from 3:1 to 12:1, and 
temperature (60oC) and catalyst amount (4%) was held constant. One mole of 
triglyceride requires three moles of methanol for transesterification, but in practice 
twice the required number of moles is added to the reaction in order to maximize 
FAME yield. Figure 3.8 shows a significant improvement in the reaction rate when 
the methanol-to-oil molar ratio was increased from 3:1 to 6:1; where FAME yield 
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increased to 92% from 36%. However, a further increase in methanol had no 
significant impact on FAME yield, where yield was similar for methanol-to-oil 
molar ratios of 9:1 and 6:1. A methanol-to-oil molar ratio of 12:1 resulted in a 
slight improvement of FAME yield, but only at the latter stage of reaction (see 
Figure 3.8). Mass transfer resistance is reduced by a higher concentration of 
methanol molecules in the reaction mixture, and it is likely that the catalyst was 
regenerated via the displacement of glycerol from their active sites by methanol. 
This effect raised the final conversion to above 95% FAME after 4 hours of 
reaction. An increase in methanol concentration probably resulted in two opposing 
simultaneous mechanisms taking place: i) the reaction rate increases due to a 
higher methanol concentration; and ii) methanol diluted the catalyst concentration. 
However, data shows an overall positive effect on FAME yield at 4% catalyst 
concentration. A methanol-to-oil molar ratio of 12:1 was selected to achieve the 
highest FAME yield. 


















Figure 3.8 Effect of methanol-to-oil molar ratio on FAME yield at 4% catalyst and 
60oC. 
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3.3.7 Effect of co-solvent 
Methanol and soybean oil are immiscible, where stirring in an unstable 
emulsion has a detrimental effect on reaction rate due to poor mass transfer. When 
the reaction is catalysed by a heterogeneous catalyst, another phase is introduced 
into the reaction system, thereby exacerbating the problem. Addition of hexane or 
tetrahydrofuran (THF) to the reaction system as a co-solvent will reduce viscosity 
and improve mass transfer. Separation of co-solvents after reaction is feasible as 
they can be recovered with excess methanol because of similar boiling points i.e 
methanol 65oC, THF 66oC and hexane 69oC. In this study, the effect of co-solvents 
on FAME yield was investigated using hexane and THF. Experiments were 
conducted with 10% (v/v, with respect to methanol) of co-solvents and other 
reaction variables i.e 4% catalysts, 6:1 methanol to oil molar ratio and 60oC 
reaction temperature were held constant. Figure 3.9 shows that the addition of 
hexane had no significant impact on FAME yield initially, but at the later stage of 
the reaction, when reactants concentration was reduced, hexane raised the 
equilibrium conversion to 95% from 92% without co-solvent. Addition of THF as 
the co-solvent had a negative impact on the reaction rate, where final FAME yield 
dropped to 88%. Similar results have been reported by others (Kim et al., 2004; 
Liu et al., 2007). However, when the homogeneous catalyst KOH was used, the 
addition THF as co-solvent improved the FAME yield by transesterification of 
canola oil (Guan et al., 2009). Hexane is strong non-polar solvent with a high 
affinity for triglycerides, but THF is a solvent with medium polarity and can 
dissolve both triglycerides and methanol. Triglycerides and methanol molecules 
are separated by THF, forming a stable emulsion. This phenomenon is likely to 
reduce the chances of triglyceride and methanol molecules colliding at the active 
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sites of catalyst. However, other possibilities for a low FAME yield exist, such as 
the deactivation of catalysts due to a methanol–THF interaction and further 
investigation is needed. 
 


















Figure 3.9 Effect of co-solvent (10% v/v with respect to methanol) on FAME yield 
at 4% catalyst, 60oC and a 6:1 methanol-to-oil molar ratio 
 
3.3.8 Effect of water content in the feedstock 
For biodiesel production using a homogeneous alkali catalyst, the feedstock 
should be free from moisture content as water molecules hydrolyze triglyceride in 
presence of alkali. The resultant free fatty acids then react with alkali to form 
soaps, thereby reducing FAME yield. The effect of moisture content on 
transesterification using calcium methoxide was investigated at a 4% catalyst 
concentration, a reaction temperature of 60oC and a methanol-to-oil ratio of 6:1. 
Moisture content of the feedstock was varied from 1% to 4%. Soap formation was 
observed for feedstock with a water content above 2%. Figure 3.10 shows that the 
feedstock conversion rate increased with an increase in water content of feedstock. 
In the first 60 minutes, a 2.5 times higher FAME yield was achieved with a 
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feedstock of 2% water content, reaching a 97% FAME yield compared to 92% for 
feedstock without water. Catalyst activity was improved by adsorption of water 
molecules on the surface. The catalyst has sites of CaO and Ca(OCH3)2 and a 
predicted molecular formula CaO0.13(OCH3)1.74. Catalytic sites having CaO 
molecules are known to be activated by water molecules (Liu et al., 2008), where 
CaO is protonated to give surface OH- groups (equation 3.3). These surface 
hydroxyl ions are likely instrumental in enhancing the methoxide ion concentration 
(equation 3.4) resulting in an improved FAME yield, where: 
CaO + H2O  CaOH+ + OH-surface           (3.3) 
OH-surface + CH3OH  CH3O- + H2O           (3.4) 
During transesterification, an unstable emulsion comprising oil and methanol was 
formed. As the reaction proceeds the emulsion becomes more stable due to 
formation of intermediate mono- and diglycerides. These molecules have polar OH 
groups and non-polar fatty acids. Reaction intermediates act as an emulsifier for oil 
and methanol; hence the reaction rate is improved. At a later stage, formation of 
glycerol molecules renders the emulsion unstable again and causes poor mass 
transfer. Methanol molecules are retained by glycerol and, due to the high density 
of glycerol, the emulsion becomes unstable and glycerol settles out. Water 
molecules in the feedstock likely help to form a more stable emulsion of oil and 
methanol in the initial and final stages of transesterification by altering the surface 
tension and density of the polar phase, thereby increasing FAME yield. 
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Figure 3.10 Effects of feedstock water content of feedstock on FAME yield at 4% 
catalyst, 60oC and a 6:1 methanol-to-oil molar ratio 
 
3.3.9 Study on lixiviation of catalyst 
For any heterogeneous catalyst it is important to prove that there is no 
lixiviation of the catalyst to the reaction medium, where homogeneous catalysis 
can be rendered possible by catalytic base metals leaching into the reaction 
medium. Lixiviation of the catalyst can deactivate it and result in the need to 
remove residual contaminants from the biodiesel product. CaMeOHCa was reacted 
with methanol at 65oC for 4 hours to allow the lixiviation of catalyst metal prior to 
methanol separation and use for transesterification. Transesterification experiments 
were conducted at 65oC with a methanol-to-oil ratio of 9:1 for 4 hours. Figure 3.11 
compares the transesterification of soybean oil without catalyst using only pure 
methanol, or with methanol pre-exposed to the catalyst. No substantial FAME 
yield was noted for methanol pre-exposed to catalyst, where after 4 hours yield 
reached only 0.4% and was similar to that for pure methanol used alone. It is 
deduced, therefore, that there was no significant lixiviation of catalyst to the 
reaction medium.  
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Figure 3.11 Catalytic contribution of leachates in methanol under at 65oC and a 9:1 
methanol-to-oil molar ratio 
 
3.3.10 Reusability of the catalyst 
In a further experiment, the re-usability of CaMeOHCa without pre-
treatment was investigated. Transesterification experiments were conducted at 
60oC with a 6:1 methanol-to-oil molar ratio and 4% catalyst for 4 hours. After the 
reaction was complete, catalysts were separated from the reaction medium by 
centrifugation at 8,000 rpm for 10 minutes prior to reuse. Figure 3.12 shows that 
there was no significant loss in catalytic activity of CaMeOHCa over ten reaction 
cycles. FAME yield dropped from 92% to 87%, but this was due to the marginal 
loss of catalyst from handling and adherence of the catalyst to the reactor. After the 
tenth cycle, the catalyst was separated and washed with methanol, then vacuum 
and weighed, where a 12% of loss in mass was measured. Hence, it can be deduced 
that CaMeOHCa can be reused without re-generation for continued biodiesel 
production. 
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Figure 3.12 Effect of reused catalyst on FAME yield at 4% catalyst, 60oC, a 6:1 
methanol-to-oil molar ratio and duration of 4 h 
 
3.4 Variables Optimization 
3.4.1 Experimental Design 
From the section 3.3 it was clear reaction temperature, methanol-to-oil ratio 
and catalyst concentration were key factors that affected FAME yield. RSM was 
used to further investigate the influence of these three independent variables on 
FAME yield. RSM procedure comprises three steps: 1) experimental design and 
collection data to fit a quadratic equation for optimization and yield prediction; 2) 
regression analysis to select the best-fit equation; and 3) interpretation of the fitted 
equation via surface and contour plots of experimental data. A five-level, three-
factor central composite experimental design was used to optimize the independent 
variables to achieve maximum FAME yield. Table 3.3 shows the independent 
variables and levels used for experimental design. A total of twenty experiments, 
including six replications at the centre point, were conducted (see Table 3.4). The 
replicates at the centre point were used to evaluate the pure error. All experiments 
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were carried out for 2h in a randomized order to balance the effect of extraneous 
and/or uncontrollable variables. 
Table 3.3 Independent variables and their levels for central composite experimental 
design 
 
Independent variables Codes 
Variable levels 
-α -1 0 +1 + α 
Catalyst amount (%) X1 0.64 2 4 6 7.36 
Temperature (oC) X2 43 50 60 70 77 
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Table 3.4 Central Composite design matrix with experimental and predicted values 
of FAME yield 
 
Run Coded independent  
variable levels 
FAME Yield % 





1 -1 -1 -1 73.21 72.02 71.33 
2 0 0 0 76.58 77.32 77.32 
3 -1 1 1 66.92 67.81 68.50 
4 0 +α 0 75.47 74.64 74.64 
5 1 1 1 71.70 72.12 71.43 
6 0 0 0 80.01 77.32 77.32 
7 -1 1 -1 70.28 68.90 69.58 
8 0 0 0 77.69 77.32 77.32 
9 0 0 0 75.90 77.32 77.32 
10 0 -α 0 65.31 67.24 67.24 
11 1 1 -1 65.57 66.42 65.73 
12 1 -1 1 59.59 60.20 60.88 
13 -1 -1 1 60.25 58.63 57.95 
14 +α 0 0 65.66 65.16 65.16 
15 0 0 +α 62.51 61.96 61.96 
16 1 -1 -1 68.46 66.80 67.48 
17 0 0 0 77.02 77.32 77.32 
18 0 0 0 76.90 77.32 77.32 
19 -α 0 0 64.34 65.93 65.93 
20 0 0 -α 66.78 68.42 68.42 
 
3.4.2 Statistical Analysis 
The experimental data obtained from the central composite designed 
experiments were analysed using a response surface methodology based on 
Minitab 15.1.0.0 (Minitab Inc). A mathematical model explaining the relationships 
between the response variable i.e. FAME yield and the independent variables i.e. 
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amount of catalyst, reaction temperature and methanol-to-oil molar ratio, was 
developed as a second-order equation. The general form of the quadratic 
polynomial regression model is given as follows: 
  (3.5) 
Equation (3.5) was reduced to equation (3.6) and applied to the three independent 
variables (k=3)  
      (3.6) 
Where Y is the response variable (FAME Yield %); β0 the constant coefficient; βi, 
β1, β2 and β3 the coefficients for the linear effect; βii, β11, β22 and β33 the coefficients 
for quadratic effect; βij, β12, β13 and β23 the coefficients for interaction effect’ Xi, Xj, 
X1, X2 and X3 the independent variables; and 𝜀 is the error.  
The experimental data obtained from the central composite design were 
used for determining the regression coefficients of the quadratic polynomial model. 
The analysis of variance (ANOVA) was evaluated and the quality of fit of the 
model analysed using the R2 value. The statistical significance of the regression 
model and the coefficients were checked by the F-test and t-test, respectively. The 
contour plot and surface plot analysis were done by keeping one independent 
variable fixed and changing the other two. The optimum values of the independent 
variables were then calculated by solving the regression equation. 
 
3.4.3 Development of regression model  
Transesterification experiments were carried out according to the three-
variable five-level central composite design. A total of twenty experiments, 
including six-center points, were conducted using soybean oil and calcium 
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methoxide. Table 3.3 and 3.4 show the central composite design of experiments 
and experimental data obtained. A second order regression model was developed 
for analysis of the experimental FAME yield. The variation of response can be 
explained by the reaction variables i.e. catalyst %, temperature and methanol-to-oil 
molar ratio. The response variable showed considerable variation and experiment 
#12 and experiment #6 gave minimum (59.6%) and maximum (80%) FAME 
yields, respectively. The coefficients of the full quadratic model (equation 3.6) 
were determined by regression analysis of the experimental data, and Table 3.5 
shows the coefficients and their statistical significance. Coefficients of linear 
variable X1 and interaction variable X1X2 were insignificant at the 5% level (p 
>0.05). The model was reduced by eliminating the insignificant term X1X2. Even 
though X1 has a p value of 0.643 it cannot be eliminated, because the X12 and X1X3 
terms were significant at the 5% level. Also, elimination of X1 violated the initial 
findings that the catalyst amount had a significant impact on the FAME yield when 
the other two variables were held constant. Hence, the term X1 was included in the 
regression model even though it is statistically insignificant. Regression analysis 
was performed to find the coefficients and their significance for the reduced model 
(Table 3.5). Figure 3.13 shows the residual plots for the reduced model, where the 
plots serve as a tool to check whether the residual values satisfy the least-squares 
assumption i.e. residuals are normally distributed with constant variance and 
without outliers. Figure 3.13 shows that these assumptions are met, hence the 
estimated coefficients of the regression model were unbiased and the elimination 
of the insignificant terms did not affect the residual distribution. The goodness of 
fit of the models was evaluated by the coefficient of determination (R2) i.e. a 
measure of the response variable variation as a percentage, as explained by one or 
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more predictor variables (Lawson and Erjavec, 2001). The R2 value of the reduced 
model was similar to the full quadratic model (Table 3.6). However, in order to 
compare the relative explanatory power of models with different numbers of 
variables, the adjusted R2 (R2adj) is used as a superior index (Neter et al., 1996). 
The R2 value of the model may increase with the addition of new terms due to 
chance alone, but R2adj will increase only if the new term improves the model more 
than would be expected by chance - otherwise it will decrease. The adjusted R2 of 
the reduced model (0.92) and full quadratic model (0.92) are identical. The 
predicted R2 (R2pred) value indicates the applicability of the model for new 
experimental observations (Neter et al., 1996). The higher R2pred value of the 
reduced model shows that the model can accurately predict responses for new 
observations. The final form of the regression model in terms of coded factors is 




From the equation (3.7) it can be inferred that to improve FAME yield, catalysts 
amount and methanol-to-oil ratio should be less than the center point i.e. 4% (wt%, 
with respect to oil), 9:1 and the reaction temperature should be higher than center 
point i.e. 60oC. A higher coefficient of temperature and methanol-to-oil ratio 
indicates both variables are more important than catalyst amount. ANOVA of the 
regression model was performed to evaluate the significance of the model and its 
terms (linear, square and interaction). P-values of the model revealed the 
regression model and its terms are significant at the 5% level (Table 3.7). The P-
value of lack of fit was 0.229 > 0.05, hence it is insignificant which implies there is 
no evidence that the model did not fit the experimental data. Figure 3.14 shows 
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predicted versus experimental FAME yields, and the good fit implies that the 
model was successful in explaining the variation of response with respect to the 
three process variables studied.  
Table 3.5 Results of regression analysis of the full quadratic model for 
transesterification of soybean oil using calcium methoxide 
 









Constant 77.32 77.32 <0.001 <0.001 
X1 -0.38 -0.38 0.643* 0.645* 
X2 3.70 3.70 0.001 0.001 
X3 -3.23 -3.23 0.002 0.002 
X12 -11.77 -11.77 <0.001 <0.001 
X22 -6.38 -6.38 0.001 0.001 
X32 -12.13 -12.13 <0.001 <0.001 
X1X2 1.94 - 0.298* - 
X1X3 4.80 4.80 0.022 0.021 
X2X3 8.70 8.70 0.001 <0.001 
     
*insignificant at 5% level 
Table 3.6 Correlation coefficients of experimental and predicted FAME yield by 
model with and without interaction effect 
  
Model R2 R2adj R2pred 
Full quadratic model 0.959 0.921 0.761 
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Table 3.7 Analysis of variance (ANOVA) for the fitted quadratic model (RM) after 
eliminating insignificant terms 
 





Model 8 716.88 89.61 28.23 <0.001 
Linear 3 117.24 39.08 12.31 0.001 
Square 3 500.94 166.98 52.60 <0.001 
Interaction 2 98.70 49.35 15.55 0.001 
Residual 
error 
11 34.92 3.18   
Lack of fit 6 24.71 4.12 2.02 0.229* 
Pure error 5 10.21 2.04   
Total 19 751.80    
















































Normal Probability Plot Versus Fits
Histogram Versus Order
 
Figure 3.13 Residual plot for the response predicted by the reduced quadratic 
regression model 
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Figure 3.14 Predicted versus experimental value for FAME yield obtained by 
transesterification of soybean oil using calcium methoxide as catalyst 
 
3.4.4 Optimization of reaction variables 
The second-order regression model developed (i.e equation 3.7) is 
complex, with many variables. It is difficult to understand the effect of different 
independent variables from the regression model, but graphical representations are 
easier to interpret. Contour and response surface plots were drawn (Figure 3.15, 
3.16 and 3.17) to explain the effect of catalyst concentration, temperature and 
methanol-to-oil molar ratio on FAME yield. These plots were generated by holding 
one of the variables at its mid-point and varying the other two variables to obtain 
the response. The elliptical shape of the curves indicates a strong interaction 
between the variables. When the reaction temperature is increased, two opposite 
effects are possible. First, an increase in the temperature will increase the rate of 
reaction due to a higher energy input and a reduced mass transfer resistance. 
Second, availability of methanol in the liquid phase may decrease due to a higher 
amount of methanol in the vapour phase at higher temperature. Figure 3.15 and 
3.16 show that the positive effect was more significant over the negative effect - 
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hence the conversion to FAME was increased with an increase in temperature of 
up to 65oC. A further increase in temperature results in a significant negative effect 
due to increased evaporation rate of methanol. Figure 3.16 shows the significant 
interaction between methanol-to-oil molar ratio and catalyst amount. The convex 
profile of the response surface shows a well defined optimum condition for the 
independent variables. Increasing the catalyst amount up to 4% increased the 
FAME yield, whereas addition of more catalyst (>4%) resulted in poor mixing of 
the reaction mixture comprising solid (catalyst), non-polar (soybean oil and 
FAME) and polar (methanol) phases. Hence, aggregation of catalysts and poor 
mass transfer between phases reduced FAME yield. Similarly, excess methanol 
will shift the equilibrium to the right and improve FAME yield, but beyond a 
certain value the excess methanol causes dilution. Catalyst concentration with 
respect to the volume of reaction mixture decreased with an increase in methanol 
concentration which then caused a drop in FAME yield. The second order 
regression model (equation 3.7) was used to define the optimum values of 
variables to achieve maximum FAME yield from the calcium methoxide catalysed 
transesterification of soybean oil. Optimum conditions of the independent variables 
were determined as; catalyst 3.9% by weight; reaction temperature, 64oC; and 
methanol-to-oil molar ratio of 8.8:1. 



































Figure 3.15 Response surface curve and contour plot showing effect of reaction 











































Figure 3.16 Response surface curve and contour plot showing effect catalyst 
concentration and methanol-to-oil molar ratio on FAME yield 








































Figure 3.17 Response surface curve and contour plot showing effect of reaction 
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3.4.5 Validation of model 
In order to validate the model, calcium methoxide catalyzed 
transesterification of soybean oil was carried out in triplicate using the optimized 
variable conditions. The experimental FAME yield of 76.2±1.2% achieved in two 
hours was in good agreement with the predicted value of 77.62% by the model. As 
a result of validation experiments, the regression model developed using a central 
composite design and response surface methodology was accurate and reliable for 
the prediction of FAME yield. Further, FAME conversion reached 98% in four 
hours under optimized reaction conditions. 
 
3.5 Summary 
In this chapter, heterogeneous catalytic transesterification of triglycerides in 
soybean oil has been investigated. Calcium, magnesium and zinc based catalysts 
were screened for their catalytic activity, where calcium methoxide was found to 
have superior oil feedstock conversion efficiency to FAME. The salient points 
from the study are summarized as follows: 
• Calcium methoxide, as prepared by reacting calcium metal and methanol, 
resulted in a catalyst with a surface area of 32 m2/ g and pore volume of 
0.19cm3/g. From the TGA analysis, the molecular formula for the catalyst 
was determined as CaO0.13(OCH3)1.74. SEM and FTIR analysis confirmed 
the presence of surface methoxide groups on the surface of the catalyst.  
• Calcium methoxide is suited for biodiesel production from feedstocks with 
a water content less than 2%. 
• Hexane 10% (v/v, with respect to methanol), when used as a co-solvent 
with methanol, improves FAME yield to 97%. 
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• No lixiviation of the catalyst into methanol was apparent. The 
heterogeneous catalyst can be re-used for at least 10 times without 
significant loss of activity. 
• Transesterification reaction variables were optimized using RSM as: a 
catalyst concentration of 3.9%; a reaction temperature of 64oC; and a 
methanol-to-oil ratio of 8.8:1 to give a FAME yield of 98% in 4 hours.  
Overall, this study has established that calcium methoxide is a robust, solid 
heterogeneous catalyst for transesterification of soybean oil, and has significant 





Transesterification of Polar Lipids 
 
The previous chapter investigated the transesterification of triglycerides 
using calcium methoxide. In this chapter, the transesterification of polar lipids, a 
major class of lipids found in microalgae derived lipid oils (MDO), was 
investigated. The reaction intermediates were detected and quantified to provide 
insight into the reaction mechanism involved. One of the key aims of the 
investigation was to elucidate the distribution of phosphate containing compounds 
between polar (glycerol) and non-polar fatty acid methyl esters (FAME) phases 
after transesterification. A preliminary study was conducted to evaluate the 
efficiency of adsorption and water-washing to remove organic phosphorus from 
the FAME product. 
 
4.1 Background 
Currently the biodiesel industry predominantly uses plant derived oils 
(PDOs) as the feedstock - principally derived from terrestrial food crops. Crude 
PDOs typically contain 1-2% free fatty acids and up to 2% of polar lipids 
(Mukhopadhyay, 2000). During the oil refining process, polar lipids and free fatty 
acids are removed via a degumming process during which polar lipids are hydrated 
using acid or alkali. The hydrated polar lipids are insoluble in the oil and thus 
readily separated as sludge. Conventional biodiesel processes convert only refined 
PDOs into FAME. Microalgae derived lipid oils (MDO) can contain up to 40% of 
polar lipids by weight (Hodgson et al., 1991). When the polar lipid content 
increases in the feedstock, the lipid separation process becomes challenging and 




expensive. Hence, it is necessary to identify a suitable catalyst for the 
transesterification of feedstocks without removal of polar lipids. In this study, 
calcium oxide and calcium methoxide have been investigated as heterogeneous 
catalysts for the transesterification of polar lipids. 
 
4.1.1 Types of polar lipids 
Polar lipids are mainly classified as phospholipids and galactolipids. Figure 
4.1 shows the structure of a typical phospholipid and Table 4.1 shows the different 
types of phospholipid prevailing in biota. The most commonly occurring 
phospholipids of eukaryotes are phosphatidylcholine, phosphatidylethanolamine 
and phosphatidylinositol, where the relative amount of individual phospholipid 
type varies according to species and the imposition of environmental stress on the 
organism, e.g. temperature, nutrient supply, light and age. In this study 
phosphatidylcholine (PC) was selected as a model for phospholipid conversion as 
it is the most abundant of all phospholipids found in eukaryotes (Harrabi et al., 
2009; Hodgson et al., 1991). 
 
4.1.2 Transesterification of phospholipids 
PC can be cleaved by methanol at three different positions, as shown in 
Figure 4.1 Cleavage at positions 1 and 2 will yield FAME and 
glycerophosphocholine (GPC), but cleavage at position 3 will yield a phosphate 
ester. The main constraint when converting phospholipid to FAME for biodiesel is 
that the fate of phosphorus-containing compounds is not known. If they mix with 
FAME then that will increase residual phosphorus content in the biodiesel. The 
maximum permissible level of phosphorus under the ASTM Standard D6751 and 




the European standard EN 14214 is 0.001% by weight. It is proposed that the 
phosphate ester derived from cleavage at position 3 and GPC will both be polar, 
and will not mix with the non-polar FAME product. The possible compounds for 
an increase in P content in FAME are the unreacted PC and its intermediates such 
as 1- acyl lysophosphatidylcholine (1-acyl LPC) and 2-acyl 
lysophosphatidylcholine (2-acyl LPC).  Hence, feedstocks with phospholipid can 
potentially be used for biodiesel production, but conversion needs to be absolute to 
avoid subsequent contamination of the biodiesel product. This investigation 
explores the feasibility of using feedstock containing polar lipids for biodiesel 
production. 
 
Figure 4.1 Structure of phospholipid indicated with positions for transesterification 
using methanol (1, 2 and 3) 
 
Table 4.1 Types of Phospholipids 
R3 Types of Phospholipid 
-H Phosphatic Acid 
-CH2CH2NH3+ Phosphatidyl Ethanolamine 
-CH2CH2N(CH3)3+ Phosphatidyl Choline 
-CH2CH(OH)CH2OH Phosphatidyl Glycerol 

























4.2 Materials and Methods 
4.2.1 Materials 
Phosphatidylcholine (95%) was obtained from Phospholipid Gmbh, 
Germany. Methanol (ACS Reagent), and calcium oxide 99%, calcium metal 98%, 
potassium hydroxide, sulfuric acid, nitric acid, hydrogen peroxide (30%) and 
FAME and lysophosphatidylcholine standards were obtained from Sigma-Aldrich 
Company, Singapore. Refined soybean oil with less than a 0.05% moisture content 
and an acid value of 0.2 mg of KOH/g of sample was purchased from a local store 
and used without further purification.   
 
4.2.2 Catalyst Preparation 
Calcium methoxide prepared by reacting calcium metal and methanol was 
used as the heterogeneous catalyst for the study. The catalyst preparation method 
was already explained in the Chapter 3 and section 3.2.2. 
 
4.2.3 Experimental setup 
Reactions were carried out in a 100 mL round bottom flask with a septum 
inlet for samples. The reactor was maintained in an oil bath placed on a hot plate 
magnetic stirrer and attached to a reflux condenser. Soybean oil and PC were 
introduced into the reactor, and when the temperature of the feedstock reached 
60oC, the catalyst and methanol were added into the reactor and closed with a 
reflux condenser. Samples were taken at 10 minute intervals for the first hour and 
then at 30 minute intervals for the next three hours.   
 




4.2.4 Removal of Phosphorus from FAME 
Phosphorus-containing compounds present in the FAME were removed by 
adsorption with activated silica gel and liquid extraction using water. Silica gel 
(230-400mesh, Merck) was activated by heating at 378K for 4 hours. 2g of FAME 
was treated with 0.2g of activated silica gel, and the mixture was stirred in a vortex 
mixer for 60 seconds. The silica gel was separated via centrifugation at 10,000 rpm 
for 5 minutes. The FAME layer was then analysed for its P content. In another 
treatment, DI water was used to hydrate the polar compounds i.e. phosphorus- 
containing compounds, to remove them from FAME. Then, 2g of the FAME layer 
was washed twice with 2mL of de-ionised water. After centrifugation, the top 
FAME layer was separated and dried over 0.2g of anhydrous sodium sulfate before 
analysis for P content. 
 
4.2.5 Analysis 
4.2.5.1 FAME and PC Analysis 
A known mass of sample was dissolved in a 10mL of hexane:ethanol (2:1) 
solvent solution. From this, a 10µL aliquot was dissolved in 4mL of hexane 
containing the internal standard, methyl heptadecanoate. The sample was then 
analysed for FAME content using a Shimadzu 2010 GCMS fitted with a DB5-MS 
column. Another 10µL of aliquot from the initial sample was dissolved in 1mL of 
ethanol. The sample was then analysed using an HPLC-UV/RI. PC, 1-acyl LPC 
and 2-acyl LPC were quantified using the method described by Adlercreutz and 
Wehtje (Adlercreutz and Wehtje, 2001). 




Normally the FAME yield from transesterification is calculated for 
triglycerides based on the mass ratio of FAME obtained relative to the mass of 
triglycerides initially present. In the case of PC conversion, this is misleading as 
only two moles of FAME yield are theoretically possible from a single mole of PC. 
In order to normalise the yield conversion for all reaction mixtures which vary in 
relative proportions of PC and TG, the theoretical FAME yield was calculated 
from the average molecular weight of Choline, PC and TG and compared to the 
experimental FAME yield. Percentage FAME yield was calculated as follows: 
(4.1) 
4.2.5.2 Analysis of Phosphorus in FAME 
Following the reaction, the reaction mass was centrifuged to separate the 
polar, non polar layers and catalyst. The top layer, consisting of FAME and 
unreacted TG, PC and other non-polar intermediates, and the bottom layer 
consisting of polar compounds were separated for phosphorus analysis. 
Phosphorus content in the polar and non polar layers was quantified following 
microwave digestion of the sample. 0.1g of sample was taken and 8mL of 
concentrated HNO3 and 2mL of H2O2 (30%) were added prior to digestion in a 
Milestone microwave digester using the following program: 250W for 1min, 0W 
for 2min, 250W for 5min, 400W for 5min, 600W for 5min and 250W for 5min. 
After digestion, the mixture was then transferred to a volumetric flask and diluted 
for phosphorus measurement via ICP-MS. 
 
 




4.3 Results and Discussion 
4.3.1 Effect of catalysts on transesterification 
Figure 4.2 shows the PC conversion and FAME yield for the different 
catalysts. The initial reaction rate of the KOH catalyst (24.23 g of FAME/g of 
catalyst.min) was faster than the heterogeneous catalysts (Figure 4.3), where the 
KOH reaction was instantaneous and PC could not be detected after 10 minutes. Of 
the heterogeneous catalysts, calcium methoxide had a higher conversion rate 
(17.05 g of FAME/g of catalyst.min) compared to uncalcined calcium oxide (1.059 
g of FAME/g of catalyst.min). Calcium oxide catalyst can be activated by 
calcination at 850oC for 4 hours. The calcined catalyst resulted in a FAME yield 
above 90% in 4 hours in compared to a yield of 62% FAME for the uncalcined 
calcium oxide. After the reaction was complete, the reaction mixture was 
centrifuged to separate the polar and non-polar (FAME) layer. When KOH was 
used as a catalyst, residual catalyst was present in the FAME. Water washing of 
the FAME was conducted to remove the residual catalyst. When water droplets 
were added to the FAME layer the unreacted PC, LPC and other intermediates 
were hydrolysed and saponified. Due to precipitation, about 45% of the product 
was lost. This phenomenon was not observed when using the heterogeneous 
catalysts. 






















Figure 4.2 Transesterification of PC with three different catalysts at an 
PC:methanol ratio  of 1:12, catalyst concentration of 3% (by weight) and 




































Figure 4.3 Initial reaction rate for transesterification of PC by homogeneous 
(KOH) and heterogeneous catalysts (calcium methoxide and calcium oxide) at an 
PC:methanol ratio  of 1:12, catalyst concentration of 3% (by weight) and 









4.3.2 Reaction mechanism for transesterification of PC 
Figure 4.4 shows the transesterification kinetics of PC using calcium 
methoxide. Within 30 minutes, PC was completely converted to 1-acyl LPC and 
other products. 2-acyl LPC was not detected in the reaction mixture, meaning it 
was either not formed during the reaction or was quickly converted to 1-acyl LPC. 
Acyl migration in LPC has been studied in detail by Adlercreutz and Wehtje 
(Adlercreutz and Wehtje, 2001) who reported that basic pH is favorable for acyl 
migration and,  under this condition, 90% of the 2-acyl LPC is converted to 1-acyl 
LPC. In our investigation, it was found that after 15 minutes, the mass of 1-acyl 
LPC reached a maximum of 3g, where only 0.2g of LPC was present in the 
reaction mixture after 4 hours. The FAME yield % reached 94±2% after 4 hours. 
The proposed reaction mechanism is shown in figure 4.5. 















Figure 4.4 Transesterification of PC by calcium methoxide at an PC:methanol ratio 
of 1:12, a catalyst concentration of 3% (by weight) and temperature of 60oC 
 








4.3.3 Transesterification of TG and PC mixed feed 
Triglycerides (i.e. soybean oil) and PC were mixed in different proportions 
i.e. 10, 30 and 50% and reaction kinetics studied. For all reactions, calcium 
methoxide was used as the catalyst at a reaction temperature of 60oC; an 
oil:methanol molar ratio of 1:12; and a catalyst concentration of 3% based on the 
oil mass. It was observed that the reaction was selective towards the PC 
conversion. Irrespective of the concentration of PC present, PC was totally 
converted within 10 minutes of the commencement of the reaction. There are two 
potential explanations for this: firstly, the active sites of the catalyst are polar in 
nature, hence polar lipid and methanol have greater access to the catalyst surface 
than TG; and secondly, the activation energy required for the transesterification of 
PC is likely to be lower than the transesterification of TG. Figure 4.6 shows that 
when the concentration of PC was increased in the feed the conversion rate also 
increased. The PC molecule contains two different moieties i.e. at position sn3 it is 
polar and at position sn1 and sn2 it is non-polar (fatty acids), so PC can act as an 
efficient emulsifier of oil and methanol, thus reducing the mass transfer resistance 
between the oil and the methanol phase. Figure 4.7 compares the conversion of 
feed with TG at 100%, and a feed of TG and PC at a ratio of 70:30. Figure 4.8 
shows that the initial reaction rate increased several fold when the TG was mixed 
with PC, where the reaction was completed in less than 2 hours. Continuous 
production of FAME confirmed that no catalyst poisoning took place due to the 
presence of PC, LPC and/or GPC. 
 






















Figure 4.6 Transesterification of TG and PC at different concentrations (i.e. 10, 30 
and 50%) using calcium methoxide at an oil:methanol ratio of 1:12, a catalyst 
concentration of 3% (by weight) and temperature of 60oC 
 

















Figure 4.7 Transesterification of TG (100%) and a TG (70%), PC (30%) mixture 
using calcium methoxide at an oil:methanol ratio of 1:12, a temperature of 60oC, 
and a catalyst concentration of 4% and 3% (weight), respectively. 






































Figure 4.8 Initial rate of reaction for TG and TG with 10, 30 and 50% 
phosphatidylcholine 
 
4.3.4 Removal of Phosphorus from FAME 
The phosphorus concentration in the final biodiesel product is a critical 
parameter with respect to performance and exhaust emissions, where the presence 
of high levels of P is known to permanently damage vehicle catalytic converters 
(Bode, 2002). It will react with the metal catalysts in the exhaust converter and 
form stable phosphate complexes. Hence, the catalytic converter permanently loses 
its active sites. ASTM standard D6751 stipulates a maximum P content in biodiesel 
of 0.001% by weight. 
When PC was converted by calcium methoxide the following compounds 
were possible in the reaction mixture: FAME; methanol; GPC; 1-acyl LPC; 2-acyl 
LPC; and unreacted PC. The reaction mixture was centrifuged to separate three 
different fractions i.e. a non-polar layer (top), a polar layer (intermediate) and the 
catalyst (bottom). The P content of both the polar and non-polar layer was 
determined, and the P balance for the reaction system was established. The non-
polar (FAME) layer accounted for 1.26% of the total P content and the polar layer 




accounted for 89.51% of the total P. Since the FAME yield was 95%, very little 
unreacted PC and LPC (which was below the detection limit of the detector) 
present in the reaction system were distributed between polar and non polar layers. 
It is likely that most of the P is present in the form of GPC and/or phosphate esters, 
where these compounds are unlikely to be in the FAME layer because of their 
polar nature. Hence, the hypothesis that mostly unreacted PC and LPC can occur in 
the FAME layer is supported. The phosphorus content in the FAME layer was 
0.081%, (w/w) which is 80 times higher than the maximum permissible 
concentration stipulated in the ASTM standard. In a further study, various 
concentrations of PC and TG were studied in the transesterification reaction, and 
the P content in the resultant FAME layer was analysed. Figure 4.9 shows the P 
content of the FAME layer for the various PC and TG compositions. No 
proportionate decrease in the P content was observed - when PC content was 
reduced by half the P content in the FAME layer was reduced by 45%, but a 90% 
reduction in PC content resulted in only a 65% reduction in P content (see Figure 
4.9).It is therefore necessary to treat the FAME layer to remove the P content to 
comply with the ASTM standard. 
Two methods for removal of P containing compounds from the FAME 
layer were tested i.e. adsorption using silica gel and liquid extraction using water. 
Figure 4.10 shows the separate and combined effect of these treatment processes. 
Adsorption using silica gel removed 46% of P, where water washing alone 
removed 53% of P, but adsorption followed by water washing removed 67% of the 
total P in the FAME layer. Therefore a combined treatment of adsorption and 




water washing reduced the P content in FAME layer from 0.031% (w/w) to 0.01% 
(w/w), but this is still 10 times higher than the ASTM standard. 














Figure 4.9. Phosphorus content in the FAME layer for different compositions of 


































Figure 4.10 Residual phosphorus content in the FAME after different treatment 
processes 
 





From the study it was concluded that the biodiesel feedstocks having higher 
polar lipids can be directly used for transesterification without any refining 
process. The homogeneous catalyst KOH, as well as the heterogeneous catalysts 
calcium methoxide and calcium oxide (calcined) resulted in a FAME yield of more 
than 90% following transesterification of PC. However, removal of the 
homogeneous catalyst from the FAME layer is challenging. Addition of water 
resulted in the formation of a precipitate where a significant proportion of the 
product (about 45%) could not be recovered after water washing. In contrast, the 
use of heterogeneous catalysts resulted in straightforward separation from the 
product without loss during washing. When PC was mixed with triglycerides, the 
initial rate of reaction increased with increasing PC content. When PC was 
converted by calcium methoxide, P content of the FAME layer was 0.081% (w/w) 
which was only 1.26% of the total phosphorus, with the remainder concentrated in 
the polar layer.  Hence the hypothesis that phosphorus-containing compounds 
formed during the reaction (GPC and phosphate ester) accumulate in the polar 
layer and the unreacted PC and LPC distribute between polar and non polar FAME 
layer was strongly supported by the P content of both layers. Preliminary studies 
on removal of P containing compounds from FAME by adsorption using silica gel 
and by a water wash were promising. Combined product washing with water and 
adsorption using silica gel reduced the P content in FAME substantially from 




Removal of Polar Lipids from Biodiesel 
 
When polar lipids are converted to fatty acid methyl esters (FAME) i.e 
biodiesel, the phosphorus containing compounds are distributed between the polar 
(glycerophosphocholine or glycerol) and non-polar (FAME) phases. It was shown 
in Chapter 4 that 1.2% of the initial phosphorus present in the PDO feedstock 
accumulated in the FAME product at a concentration of 80 times higher than the 
permissible upper limit for biodiesel (ASTM and EN14214). Removal of 
phosphorus-containing compounds using adsorption and water-washing showed 
promising results in preliminary studies (as detailed in Chapter 4), where the 
residual concentration of phosphorus after treatment was reduced from 0.03% to 
0.01% (FAME weight). However, residual phosphorus was still 10 times higher 
than the upper permissible limit. In this chapter, removal of phosphorus containing 
compounds from biodiesel was investigated in detail using FAME product spiked 
with polar lipids. The study is an extension of the preliminary work conducted in 




When biodiesel is produced from plant derived oils (PDO), unreacted 
triglycerides, mono- and di-glycerides, glycerol and methanol will be present as 
impurities.  These impurities will be removed from biodiesel by water washing 
which generates waste water that needs to be treated before discharge. In order to 
reduce the water usage a method called dry washing i.e. adsorption of impurities 
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using adsorbents such as magnesol and ion exchange resins was developed. 
However, MDO consists of neutral (triglycerides) and polar lipids (phospholipids 
and galacto lipids). Hence the unreacted polar lipids and the intermediates will also 
be present in the FAME layer. For example in Chapter 4 it was already shown 
when phosphatidylcholine (PC) is converted to biodiesel, the unreacted PC, and 
other compounds such as lyso-PC (LPC) and glycerophosphocholine (GPC), are 
likely to occur in the biodiesel product. Phosphorus (P) containing compounds are 
known to deactivate vehicle emission catalysts with adverse environmental impact 
(Bode, 2002). The P content in the biodiesel should not exceed 0.001% (wt) as 
specified in the European biodiesel quality standard, EN14214. Hence, it becomes 
mandatory to remove of P containing compounds from biodiesel. In this 
investigation P-containing compounds in biodiesel were removed using adsorption 
and water-washing techniques. Biodiesel spiked with PC was used for the study. 
PC was selected as the polar lipid model compound for study because it is one of 
major compound found in the polar lipids of MDO. Reaction intermediates from 
transesterification of PC such as the LPC and GPC are more polar than PC and 
therefore easier to remove from biodiesel. Silica gel, magnesium silicate and 
magnesol were used as the polar adsorbents and adsorption isotherms and kinetic 
models were applied to determine relevant process parameters including adsorption 
capacity and rate of adsorption. 
 
5.2 Adsorption  
5.2.1 Adsorption Isotherms 
An adsorption isotherm is a quantitative relationship describing the equilibrium 
between the concentration of adsorbate in solution (mass/volume) and its sorbed 
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concentration (mass adsorbate/mass adsorbent) for a given temperature (Sawyer et 
al., 2003). Linear, Langmuir, Freundlich and BET (Brauner, Emmet and Teller) are 
four commonly used adsorption isotherms. In our study Langmuir and Freundlich 
isotherms were applied for the adsorption studies. 
 
5.2.1.1 Langmuir Isotherm 
  The Langmuir isotherm was developed on the assumption that a single 
adsorbate binds to a single site on the adsorbent and that all surface sites on the 
adsorbent have the same affinity for the adsorbate. A Langmuir isotherm can be 
derived from surface complexation theory and is defined by equation (5.1), where 
qM represents the maximum adsorption capacity of adsorbent for adsorbate, while 
KL is simply a Langmuir constant and it is a measure of affinity of adsorbate for 
adsorbent (Sawyer et al., 2003). 
qE = KLqMC/(1+KLC)              (5.1) 
By linearizing equation (5.1) to (5.2), the slope and intercept can be manipulated to 
find the Langmuir parameters, KL and qM. 
C/KL = KLqM - KLqE               (5.2) 
 
5.2.1.2 Freundlich Isotherm 
The Freundlich Isotherm is used in cases when adsorbate uptake increases 
as the solution’s adsorbate concentration increases. This rate of proportional 
increase decreases as concentrations become larger. A Freundlich isotherm can be 
developed on the assumption that adsorbent has distribution of sites that have 
different affinities for different adsorbate (Sawyer et al., 2003). The Freundlich 
Isotherm is defined by equation (5.3). 
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qE = KFC1/n                (5.3) 
Equation (5.3) is then linearized to become equation (5.4). The slope and intercept 
then reveal the Freundlich parameters, KF - a measure of the adsorption capacity of 
the adsorbent, and n - a measure of affinity change with respect to adsorption 
density change.  
log(qE) = log(KF) + (1/n)log (C)            (5.4) 
 
5.2.2 Kinetic  Models 
In addition to isotherms, kinetic models have been applied to the data in 
this study to describe the relationship between time and adsorbate uptake. Values 
for the equilibrium amount of PC adsorbed, qE, can be calculated from the 
Langmuir Isotherm.  
5.2.2.1 Pseudo First Order 
First order kinetics assumes that the rate of adsorption is directly 
proportional to the difference between equilibrium adsorbate uptake and actual 
adsorbate uptake (equation 5.5). 
dqT/dt = k1(qE – qT)                                                                                    (5.5) 
Taking into account the boundary condition qT=0 at t=0, integration of this 
equation yields equation (5.6). 
 qT = qE(1-e-k1t)               (5.6) 
In order to find k1, the rate constant, equation (5.6) can be linearized to equation 
(5.7), as follows: 
 ln((qE-qT)/qE) = -k1t               (5.7) 
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5.2.2.2 Pseudo Second Order 
Pseudo-second order kinetics describes a situation similar to first order 
kinetics except, in this case, the difference between equilibrium uptake and actual 
uptake is to the second power.  
dqT/dt = k1(qE- qT)2              (5.8)  
Utilizing the same boundary condition as for pseudo first order kinetics, then this 
yields equation (5.9): 
 
 qT = qE2k2t/(1 + qEk2t)              (5.9)  
 
A study by Kumar and Sivanesan (2006) analyzed error distributions due to 
various linearization of the pseudo second order equation. Although there are 
multiple methods that can be used to determine the model parameter, k2, just two 
of these methods were utilized in this study. These are represented by equations 
(5.10) and (5.11): 
 
t/qT = 1/(k2qE2) + (1/qE)t            (5.10) 
or 
1/t = k2qE2/qT – k2qE2/qE             (5.11)  
 
5.2.2.3 Diffusion Model (Double Exponential) 
Another kinetic model is the double exponential model, which was detailed 
by Gschwend (1987) and describes a dual site adsorbent that can display both rapid 
and slow behaviour. While the sites of rapid adsorption dominate at the outset, the 
slow adsorption sites take precedence during the latter part of the process. This is 
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an empirical model that is not based on any assumptions regarding the chemistry of 
the process, but rather describes sorption from a mathematical point of view 
(Wilczak and Keinath, 1993). The behavior is modeled by equation (5.12): 
 qT = qE – (D1/mads)e-kD1t – (D2/mads)e-kD2 t           (5.12)  
 
In order to find the parameters D2 and kD2, the equation can be simplified to 
equation (5.13) and linearized to equation (5.14). Because kD1 (rapid step) will be 
much larger than kD2 (slow step), it can be assumed that the second term in the 
equation (5.12) is negligible. 
 qT = qE – (D2/mads)e-kD2 t             (5.13)  
 ln (qE – qT) = ln(D2/mads) – kD2t            (5.14) 
 
Once D2 and KD2 are found, the original equation can be linearized to find the 
remaining parameters D1and kD1 (Chiron et al., 2003). 




Silica gel 60 was purchased from Merck, Germany, magnesol (D60) and 
biodiesel from Alpha Biofuels, Singapore. Magnesium silicate (Florisil) was 
purchased from Sigma Aldrich, Singapore. Absolute ethanol and HPLC grade 
acetonitrile were supplied by Fisher Scientific, and phosphoric acid 85% (wt) from 
Sino chemicals. The selected polar lipid i.e. phosphatidylcholine (PC) was supplied 
by Lipoid, Germany. 
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5.3.2 Characterization of Adsorbents 
The BET (Brunauer-Emmet-Teller) surface area of the adsorbents was 
determined by nitrogen physisorption at 77K using a Nova Quantachrome 
analyser. A known weight of sample was loaded into the chamber and degassed for 
12 hours using nitrogen purging at 383K prior to analysis. A relative pressure 
range of 0.017-0.32 bar was selected for multi-point BET surface area calculations. 
Table 5.1 shows the BET surface area and the particle size distribution of the 
adsorbents used in the study. 
Table 5.1 Adsorbent characteristics (* obtained from suppliers’ technical data 
sheet) 
 
Adsorbent Particle size * 
 (microns) 
Specific surface  
area (m2/g) 
Silica gel 60 37-63 534.8 
Magnesol D60 50-70 464.5 
Magnesium Silicate 30-74 458.6 
 
5.3.3 Adsorption experiments 
5.3.3.1 Kinetics 
10mL of biodiesel with an initial PC concentration of 16,000 mg/L was 
placed into 20mL amber vials with screw caps. 0.3g of silica gel or 0.5g of 
magnesol or 0.5g of magnesium silicate was added to each vial. After addition of 
adsorbents, the vials were agitated on a roller mixer. At various time intervals 
ranging from 5 minutes to 12 hours, samples were taken by sacrificing a 20mL vial 
each time. 1mL of sample was taken from each vial and the adsorbent was 
separated from biodiesel via centrifugation at 2000 rpm for 5 minutes. The 
biodiesel sample was then diluted in ethanol prior to analysis of residual PC. 
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5.3.3.2 Isotherms 
In order to develop adsorption isotherms, biodiesel samples containing nine 
different concentrations of PC ranging from 500 mg/L to 24,000 mg/L were 
prepared. 10mL of biodiesel with a known PC concentration was placed into a 
20mL amber vial with a screw cap. A known amount of adsorbent (0.3g of silica 
gel or 0.5g of magnesol or magnesium silicate) was added to each vial. After 
addition of adsorbents, the vials were kept on the roller mixer for 12 hours to attain 
equilibrium. All samples were duplicated and prepared for analysis, as for the 
kinetics study. All experiments and analyses were performed at room temperature 
i.e. 23˚C ± 1˚C.  
 
5.3.4 Water washing 
2ml of biodiesel with a PC concentration of 16,000 mg/L was placed in a 
10mL vial and a known amount of water, ranging from 10 to 100% v/v of 
biodiesel, was added. Water and biodiesel were thoroughly mixed using a magnetic 
stirrer at 400 rpm. A 1 mL sample was taken and centrifuged to separate the water 
and biodiesel phase. An aliquot of biodiesel was taken and diluted using ethanol 
for PC analysis. Parameters affecting the PC removal such as volume of water 




In order to determine the residual PC concentration in the biodiesel after 
adsorption, an Agilent Technologies 1200 series high pressure liquid 
chromatography unit with a UV detector was used. A phenomenex HPLC column 
CHAPTER 5  REMOVAL OF POLAR LIPIDS FROM BIODIESEL 
 94 
Luna 5µm NH2, 4.6mm diameter and 150mm length was used for the analysis. 
Elution was performed at a 1ml/min flow rate of the mobile phase i.e. water and 
acetonitrile. The following method was used for the analysis; a gradient flow of 
water and acetonitrile at an initial ratio of 5:95 changing to 50:50 over 15 minutes; 
then held at 50:50 for 5 minutes; then reversing from 50:50 to  5:95 over 5 
minutes. PC was eluted after a 6.1 minute interval and detected using a UV 
detector at 204nm wavelength. An external calibration was used to determine the 
concentration of PC. 
 
5.4 Results and Discussion 
5.4.1 Adsorption isotherms 
Adsorption isotherms at 23oC for PC were developed to compare relative 
removal efficiency of silica gel, magnesol and magnesium silicate. Langmuir and 
Freundlich models were used to develop the isotherms. Figure 5.1 shows a good fit 
of experimental data for silica gel adsorbent to both the models, although the 
correlation coefficient (r2 =0.999) value showed the Freundlich model was 
superior. Figure 5.2 and Figure 5.3 show that the Freundlich model described the 
adsorption of PC by magnesol and magnesium silicate better than the Langmuir 
model. Table 5.2 shows the calculated parameters of the Langmuir and Freundlich 
models. Based on the Langmuir isotherm, silica gel has the highest adsorption 
capacity at 0.60mmol/g, followed by magnesium silicate at 0.31mmol/g and 
magnesol at 0.26mmol/g. This is considered as acceptable when based on the 
actual surface area available for the adsorption where silica gel has the highest 
value at 535 m2/g, The other two adsorbents had approximately the same surface 
area i.e. 460m2/g. Another parameter of the Langmuir isotherm i.e KL is the 
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measure of the affinity of adsorbate for the adsorbent. The higher value of KL for 
silica gel indicates that PC was adsorbed strongly to the surface, followed by 
magnesium silicate and then magnesol. The Freundlich isotherm predicted 
adsorption capacity for the three adsorbents in the same order as the Langmuir 
model, but at lesser values (see Table 5.2). The Freundlich parameter n was greater 
than 1 for all the adsorbents, indicating that the affinity for PC decreased with 
increasing adsorption density. 
 
Figure 5.1 Adsorption isotherms for PC on silica gel 
 
 




















































Figure 5.3 Adsorption isotherms for PC on magnesium silicate 
 
Table 5.2 Adsorption isotherm parameters and correlation coefficients 





r2 n KF r2 
Silica gel 24.970 0.608 0.983 32.787 0.565 0.999 
Magnesol 0.534 0.257 0.980 6.266 0.145 0.993 
Magnesium silicate 1.880 0.306 0.980 12.987 0.233 0.995 
 
5.4.2 Adsorption kinetics 
The removal efficiency of PC from biodiesel for silica gel, magnesol and 
magnesium silicate was compared by studying adsorption kinetics. The biodiesel 
was spiked with an initial PC concentration of 16,000 mg/L and the adsorbent 
concentration was 30g/L for silica gel or 50g/L for magnesol and magnesium 
silicate. Pseudo-first order, pseudo-second order and double exponential models 
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5.4.2.1 Pseudo-first order and second order models 
The pseudo-first order non linear equation was linearized to obtain equation 
5.7. Kinetic parameters and correlation coefficients were then calculated from 
experimental data obtained for all three adsorbents (Table 5.3). The pseudo-first 
order model does not fit well to magnesol and magnesium silicate data, but is 
better for silica gel. The model underestimates the adsorption of PC for all three 
adsorbents studied. In case of the pseudo-second order model, two different 
linearized forms (equations 10 and 11) were fitted and the parameters were 
calculated (Table 5.3). Except for the adsorption rate constant k2 for magnesol, all 
other model parameters adsorption rate constants i.e. k2, equilibrium adsorption 
capacity qE and correlation coefficients for all three adsorbents were not affected 
by the different linearizations. The pseudo-second order model fits very well for all 
three adsorbents especially for magnesol (r2=0.998). Figure 5.4, Figure 5.5 and 
Figure 5.6 show the experimental data and models fit for silica gel, magnesol and 
magnesium silicate, respectively. 
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Figure 5.5 Kinetic models for the adsorption of PC on magnesol 
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Table 5.3 Calculated parameters of pseudo-first order and pseudo-second order 
models from experimental data 
 
Adsorbent Pseudo-first order Pseudo-second order  
Type I 

















Silica gel 0.0206 0.596 0.947 0.087 0.609 0.970 0.087 0.596 0.971 
Magnesol 0.0732 0.209 0.709 4.182 0.206 0.998 3.688 0.208 0.998 
MgSiO3 0.0109 0.277 0.586 0.556 0.267 0.953 1.405 0.243 0.954 
 
5.4.2.2 Double Exponential model 
The double exponential model is applicable to adsorption processes 
associated with a two-step mechanism. Adsorbents with a porous structure 
normally have two separate absorption sites: one at the outer surface which is 
easily accessible; and another inside the pores. The rate of adsorption on the outer 
surface is more rapid and on the inner surface slower. The double exponential 
model was fitted for both steps and model parameters were calculated for the three 
adsorbents (Table 5.4). The model fitted very well for all three adsorbents 
(r2>0.99), and data shown in Figure 5.7 confirm that all of the experimental points 
coincide with the curve developed by the model. Figure 5.7 shows clearly that the 
adsorption of PC by silica gel and magnesium silicate was controlled via a two step 
mechanism. An initial rapid adsorption step is apparent for silica gel followed by a 
slow step. PC adsorption by magnesol was not a two step mechanism, but the 
model still fits experimental data closely. The model parameters KD1 and KD2 
explain the rapid (external diffusion) and slow step (internal diffusion) kinetics for 
the adsorbents. However, adsorption cannot be clearly differentiated between 
external and internal diffusion phenomena using KD1 and KD2 as both can occur 
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simultaneously. Nonetheless, it is possible to compare values for the different 
adsorbents studied. A two-step mechanism need not prevail in the adsorbent, where 
absorption at two different sites at the external surface is possible. For example, in 
the silica gel, the matrix particles consist of a core of silicon atoms joined together 
with oxygen atoms by siloxane bonds (silicon-oxygen-silicon bonds). On the 
surface of each primary particle residual, uncondensed hydroxyl groups from the 
original polymeric silicic acid remain, and these residual groups confer polar 
properties on the silica gel. The silica surface is complex and contains more than 
one type of hydroxyl group. Similarly for magnesol (MgO: 2.6SiO2.H2O) and 
magnesium silicate (MgO: 3.75SiO2.xH2O), two different adsorption sites are 
possible on the external surface. Both adsorbents are magnesium silicate based, 
which is comprises a complex made up by two different metal oxides. It is possible 
that adsorption of the PC molecule may be due to a combination of reasons 
including: i) the net negative charge on the phosphate molecule (PO4-); ii) the net 
positive charge on the choline molecule (-CH2CH2 N(CH3)3+); and/or iii) 
prevailing Van der Waals forces. 
The equilibrium adsorption capacity qE was initially assumed as 0.596, 
0.209 and 0.277 from the experimental data for silica gel, magnesol and 
magnesium silicate, respectively. After calculating the model parameters D1, D2, 
KD1 and KD2, the qE value was verified by setting the initial condition when t = 0 
and qt = 0, where qE becomes the addition of D1/mads and D2/mads:  
 
r = dq/dt = (D1KD1/mads)e-KD1t +( D2KD2/mads)e-KD2t      (5.16) 
For initial conditions, t = 0, r = ro = D1KD1/mads + D2KD2/mads     (5.17) 
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The calculated values of qE 0.581, 0.220 and 0.266 were close to the initial 
assumed values. For the initial condition t=0, the equation (16) was reduced to 
equation (17), which then gives both an overall initial rate of adsorption, and an 
initial rate for rapid and slow steps (Table 5.5). Even though the equilibrium 
adsorption capacity was low for magnesol overall, the initial rate was higher than 
silica gel (i.e. 0.082 versus 0.078 mmolmin-1g-1) and magnesium silicate (0.076 
mmolmin-1g-1). These very low values for initial rate of adsorption (0.0002 
mmolmin-1g-1) for the slow step confirmed that the adsorption mechanism for 
magnesol was a single step process. On this basis, it is possible to hypothesize that 
either all available adsorption sites for PC in magnesol are homogeneous or that 
internal diffusion in magnesol is not significant - or a combination of both. For 
silica gel, the initial rate of adsorption for the slow step was significant. Hence, it 
can be concluded that the adsorption mechanism was a two-step process. Either the 
outer surface of the adsorbent has two different sites or internal diffusion controls 
the adsorption at later stage, or a combination of both is possible for silica gel. 
 




Figure 5.7 Double exponential model for the adsorption of PC on silica gel, 
magnesol and magnesium silicate 
 














Silica gel 0.5813 6.679 0.3481 10.760 0.0125 0.996 
Magnesol 0.2209 10.279 0.3965 0.764 0.0105 0.999 
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Table 5.5 Calculated initial rate of adsorption for rapid and slow step 







Silica gel 0.5813 0.078 0.005 0.0830 
Magnesol 0.2209 0.082 0.0002 0.0822 
MgSiO3 0.2660 0.076 0.001 0.077 
 
5.4.3 Water-washing 
Biodiesel spiked with a PC concentration of 16,000 mg/L was used for the 
study. Table 5.6 shows the design of experiment used for the study. At room 
temperature (296K), water-washing did not remove the PC from biodiesel, where 
PC removal was less than 10% in all cases. There was no significant effect of 
water ratio (v/v), acid concentration or duration of washing. However, when 
temperature was increased to 348K removal efficiency doubled. Further, the use of 
water acidified with 5% phosphoric acid improved the removal efficiency to 25%. 
Overall, data shows that it is difficult to separate the PC from biodiesel. At 
elevated temperature, either the distribution of PC between biodiesel and water 
changed and/or hydrolysis of the PC molecule resulted in the formation of other 
compounds such as lyso-PC, GPC and fatty acid, and a reduction in PC 
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Table 5.6 Removal of PC from biodiesel with an initial concentration of 16,000 












1 296 2:1 5 5 <10 
2 296 2:1 5 15 <10 
3 296 2:1 5 30 <10 
4 296 2:1 5 60 <10 
5 296 2:1 0 60 <10 
6 296 2:1 2 60 <10 
7 296 2:1 3 60 <10 
8 296 2:1 10 60 <10 
9 296 20:1 5 60 <10 
10 296 10:1 5 60 <10 
11 296 4:1 5 60 <10 
12 296 1:1 5 60 <10 
13 348 1:1 0 60 19.8 
14 348 1:1 5 60 24.5 
 
5.5 Summary 
Removal of PC from biodiesel was performed using adsorption and water-
washing. Three different adsorbents i.e. silica gel, magnesol and magnesium 
silicate were used. The Langmuir and Freundlich isotherms were developed at 
23oC for all adsorbents, and three kinetic models were applied to fit experimental 
data. Results are summarized as follows: 
CHAPTER 5  REMOVAL OF POLAR LIPIDS FROM BIODIESEL 
 105 
• Langmuir and Freundlich models fit the adsorption isotherms for 
adsorption of PC onto silica gel, magnesol and magnesium silicate, where 
the Freundlich model was superior. 
• Silica gel has the highest maximum adsorption capacity (i.e. 0.60 mmol/g) 
and a greater affinity for PC than magnesol and magnesium silicate; It is 
possible to bring the P content in the FAME below 0.001% using all three 
adsorbents. 
• Pseudo-first order model did not adequately fit the experimental data for all 
adsorbents and underestimated PC adsorption. The pseudo-second order 
model showed a better fit for silica gel than for other adsorbents;  
• A double exponential model gave a good fit for all three adsorbents. The 
initial adsorption rate for magnesol was higher than silica gel and 
magnesium silicate. Adsorption kinetics showed that the adsorption 
mechanism for magnesol was single-step, and was two-step for silica gel 
and magnesium silicate. 
• The two-step process described by the double exponential model could be 
driven by both external and internal diffusion controlled processes and/or 
adsorption at two different sites on the external surface of the adsorbent. 
• Water-washing was not an effective method to remove PC from biodiesel, 
where efficiency was less than 10% at room temperature - both with water 
and acidified water. An increase in temperature to 75oC doubled the PC 
removal efficiency, but it was not clear whether removal was due to an 
altered distribution of PC between the water and biodiesel phase and/or the 
degradation of PC to other compounds via hydrolysis. 
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Overall, it can be concluded that it is possible to remove polar lipids present in 
biodiesel using silica gel, magnesium silicate and magnesol. Although Magnesol is 
already being used in the biodiesel industry for product purification, regeneration 
of silica gel needs to be further studied prior to commercial application.  
107 
Chapter 6 
Lipid Extraction and Classification 
 
 This chapter represents Phase II of the research. Research focus is on 
microalgae feedstock generation and the conversion of microalgae derived oils 
(MDO) to FAME. Factors affecting lipid extraction from microalgae have been 
investigated. Biomass drying, intracellular lipid extraction and extraction solvents 
are the factors investigated. Extracted lipids are classified into three fractions 




Microalgae are currently subject to worldwide investigation and are a 
promising sustainable and renewable energy source to meet future energy demand 
for liquid transportation fuels. Using microalgae to tap solar energy via 
photosynthesis is not a new concept; where an extensive study was conducted 
under the United States Aquatic Species Program (John Sheehan, 1998). Moreover, 
microalgae production represents a potential solution for the mitigation of climate 
change since 1 ton of algae results in the fixation of 1.83 tons of atmospheric CO2 
(Chisti, 2008). Processing of harvested microalgal biomass to extract lipid-oil can 
be an energy intensive process as it requires separation and dewatering of 
microalgae, biomass drying and the subsequent extraction and purification of lipid-
oil. The crude extract contains not only lipid-oils, but also carbohydrates, proteins 
and pigments. The lipids can be further classified into neutral lipids, free fatty 
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acids, and polar lipids which include galacto- and phospholipids (Berge et al., 
1995). The lipid composition of various types of micro algae has been studied by 
several researchers, for example  Diatoms (Berge et al., 1995), Nannochloropsis 
(Hodgson et al., 1991) and Phaeodactylum tricornutum (Yongmanitchai and Ward, 
1992).  Lee et al., (1998) studied various lipid extraction methods and solvent 
systems and compared relative extraction efficiencies. It was found that cell 
disruption with a micro-bead beater followed by extraction with 
chloroform:methanol (2:1 v/v) was an effective method for lipid extraction (Lee et 
al., 1998). Addition of concentrated hydrochloric acid to a chloroform: methanol 
solvent system increased the total lipids extracted, especially phospholipids, in 
microalgae i.e.Botryococcus braunii, Phaeodactylum tricornutum, 
Chlorosarcinopsis negevensis and Fragillaria construens (Dubinsky and 
Aaronson, 1979). In addition to organic solvents, supercritical carbon dioxide has 
been used for the extraction of lipid from fungi (Priyadarshini et al., 2008; Walker 
et al., 1999). However, to date, no study has reported on the effect of biomass 
moisture content, drying method, or solvent extraction system on the recovery and 
characteristics of extracted lipid from microalgae. Lipid composition with respect 
to neutral lipid, FFA and polar lipid content is of great significance during the 
transesterification reaction for biodiesel, where a higher neutral lipid content 
improves the overall yield of methyl esters from the transesterification reaction.  If 
the FFA fraction exceeds 4%, then conventional homogeneous alkali catalysts 
react with FFA to form soap which impairs reaction efficiency and results in poor 
separation of biodiesel from the reaction mixture. Similarly, the effects of polar 
lipids and associated reaction by-products on the transesterification reaction have 
yet to be investigated in detail.  
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6.2 Experimental 
6.2.1 Chemicals and Reagents 
Hexane (HPLC grade) and acetone (HPLC grade) were purchased from 
Tedia Company Inc.  Chloroform (ACS grade) was purchased from Merck. Ethyl 
Acetate (pesticide grade), diethyl ether (pesticide grade) and isopropanol (HPLC 
grade) was purchased from Fisher Scientific. Other solvents, including methanol 
(HPLC grade), absolute ethanol (ACS grade) and acetic acid (ACS Reagent) were 
purchased from Sigma Aldrich. The polar lipid, phosphatidylcholine, was obtained 
from Lipoid GmbH, Germany. Neutral lipid (tripalmitate) and FFA (palmitic acid) 
standard was purchased from Sigma Aldrich. Bond Elut Aminopropyl (500mg, 
3mL) solid phase extraction columns with stainless steel frit were purchased from 
Varian Inc. Thin layer chromatography (TLC) plates, comprising a silica gel 
matrix with a particle size of 25 microns, with aluminium support, were purchased 
from Sigma Aldrich, Singapore. 
 
6.2.2 Microalgae Cultivation 
A strain of Nannochloropsis sp. which was isolated from Singapore’s 
marine coastal waters was used for study. Microalgae were grown in an indoor 
raceway pond provided with artificial light at 70µmol.s-1.m-2, over a 12:12 hr 
light/dark period, in enriched nutrient F1 medium. The raceway pond was 
inoculated with a 20% v/v of microalgae in exponential growth phase. When 
microalgae reached stationary phase, 5g/L glycerol was added to the medium. The 
elevated carbon to nitrogen ratio is known to improve the lipid content of the algae 
(unpublished data). Pigment leaching in the algae was observed after addition of 
glycerol and algae turned to yellowish green. After 7 days in the mixotrophic 
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condition, algae were harvested using a chemical coagulation and flocculation 
technique, using100 mg/L of ferric chloride as the coagulant. After biomass 
settling, the aqueous layer was decanted. Biomass was washed three times with DI 
water to reduce salt content and was further concentrated to 15% solids via 
centrifugation at 4000 rpm for 5 minutes.  
 
6.2.3 Drying Methods 
Microalgae paste was applied as thin film (thickness < 5mm) (Becker, 
1994) in petri-dishes and dried using three different methods i.e. freeze drying 
(16hr), oven drying (at 60oC, 3hr) and solar drying (30-34oC for 8 hr). After 
drying, the biomass flakes were crushed in a porcelain mortar and pestle and the 
resultant powder was stored in a sealed container inside a desiccator at room 
temperature prior to extraction. 
 
6.2.4 Analysis of Iron and Moisture content 
0.1g of algae was dried in oven at 60oC to constant weight (AOAC, 1990) 
to determine the biomass moisture content. The iron content of the biomass was 
measured by heating 0.5g of biomass at 105oC for 2hr, followed by acid digestion 
of the residual ash. Acid digestion was carried out using the method described by 
(Tighe et al., 2004). After digestion, the mixture was cooled and filtered through a 
Whatman no.41 filter paper and made up to volume in a 25 mL volumetric flask 




CHAPTER 6  LIPID EXTRACTION AND CLASSIFICATION 
 111 
6.2.5 Lipid Extraction Methods  
Sonication, ASE, Soxhlet extraction, and homogenization were evaluated 
with respect to lipid extraction efficiency using two types of solvent systems i.e. a 
completely miscible solvent system of chloroform: methanol (2:1,v/v); and a 
partially miscible solvent system of hexane: methanol (3:2, v/v). The optimum 
extraction time was determined for each extraction method. Optimum extraction 
time for different methods was as follows: sonication 5 min; ASE 30 min; Soxhlet 
extraction 360 min; and homogenization 10 min. Individual extraction methods are 
summarized below: 
Soxhlet extraction: 2g of dried biomass was placed in an extraction thimble 
(Whatman cellulose extraction thimbles 25mm ID, 80mm length) and placed into 
the Soxhlet extraction apparatus. 100mL of solvent was used for extraction with a 
reflux period of 6hr. 
Homogenisation: 1g of dried biomass and 50mL of solvent was placed in a 
100mL beaker. A Homogenizer DIAX90 (Heidolph, Germany) was used for lipid 
extraction with a power and speed set at 90% and 2000rpm, respectively. Biomass 
homogenization was conducted for 10min, after which biomass was separated by 
centrifugation at 4000 rpm for 5 minutes.  
Accelerated Solvent Extraction (ASE): An ASE 200 Dionex extractor fitted 
with 33mL volume stainless steel vessels was used for extraction. Filter discs made 
up of cellulose fiber (D28 filter, Dionex) were used to retain the biomass in the 
extraction cell. The ASE program was set at a temperature of 100oC, pressure 
1200kPa with a 30 min extraction period. Extractions were performed using nine 
different solvent mixtures, as specified above. The extraction process comprised 
the following steps: (i) extraction vessels with biomass samples were loaded into 
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the extractor; (ii) cells were filled with solvents up to a pressure of 1200 KPa; (iii) 
extraction vessels were heated for 5 min; (iv) a static extraction was performed for 
30 min; (v) the vessel was rinsed using extraction solvent (10% vessel volume); 
and (vi) solvent was purged from the vessel with N2 gas. The extracts were then 
retained in 60mL collection vials for analysis.  
Sonication: A Sartorius Labsonic (30W and 50 Hz) sonicator operating at 
90% power was used for biomass extraction. 1g of microalgae and 50 mL of 
solvent were placed in a 100mL beaker followed by sonication for 5 min with 30s 
break at each minute, followed by biomass separated via centrifugation at 4000 
rpm for 5 minutes. 
Purification of crude lipid extract: After extraction with chloroform: 
methanol, the supernatants were washed with Milli-Q water to remove water 
soluble impurities such as proteins and carbohydrates. The ratio of water: 
supernatant was 1:5 (Folch et al., 1957). There were two clear layers present 
following centrifugation at 4000 rpm for 5 min. The bottom chloroform layer was 
separated and solvent was evaporated via an N2 purge. Finally, the amount of lipid 
in the chloroform layer was determined gravimetrically and a portion kept at -4oC 
for future analysis. For lipid extraction using the other solvent systems, the 
supernatants were evaporated in a rotary evaporator. The lipid was then re-
dissolved in 10mL chloroform: methanol (2:1) solvent and the aforementioned 
procedure were followed to remove water soluble impurities. 
 
6.2.6 Solid phase extraction 
Lipid classification was conducted using a solid phase extraction (SPE) 
technique with amino propyl columns (500mg, 3mL, with stainless steel frit), as 
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described by  Kaluzny et al., (1985) with some modification to improve separation 
and recovery of lipid fractions. An SPE column was placed in the Vac Elut 
apparatus and a 10kPa vacuum was applied to pull solvent through the column 
(Kaluzny et al., 1985). Initially, the column was activated via a double 4mL hexane 
wash. After activation, approximately 20mg of lipid, which was dissolved in 
200µL of chloroform, was applied immediately to the column and the entire lipid 
was retained following elution of chloroform. First, the neutral lipid (NL) fraction 
was collected by eluting 4mL of chloroform: 2-propanol (2:1) solvent mix, 
followed by free fatty acid (FFA) by eluting 4mL of 2% acetic acid in diethyl 
ether, and finally the polar lipid (PL) fraction by eluting 6mL of methanol through 
the column. The solvents were evaporated via an N2 purge to determine the weight 
of each lipid fraction. A lipid standard containing NL (triolein), PL 
(phosphatidylcholine) and FFA (palmitic acid) at a 40:40:20 ratio was used to 
optimize the SPE method, and yielded more than a 90% recovery of each of the 
lipid fractions (Appendix C). 
 
6.2.7 Thin layer chromatography 
Thin layer chromatography (TLC) was used to equate separated lipid 
fractions against the neutral, FFA and polar lipid standards. The solvent system 
used for the elution was hexane: diethyl ether: formic acid (80: 20: 2, by volume) 
(Christie, 1989). After drying the solvents, lipid spots on the TLC plates were 
visualized by subjecting plates to iodine vapour. The dark lipid spots were then 
identified and their Rf values were calculated and compared against the standards 
(Appendix C). 
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6.2.8 Transesterification 
The lipid fractions obtained from the SPE were dissolved in 0.2mL of 
chloroform and 1.6mL of methanol, and then 0.4mL of concentrated hydrochloric 
acid (37%) was added to lipid solution. The mixture was maintained at 80oC for 
2hr, so as to convert the lipid fraction to fatty acid methyl esters (FAME) i.e. 
biodiesel, and 2mL of hexane was then added to extract FAME from the reaction 
mixture.  The hexane layer was separated and analysed for FAME using a GCMS 
(GC-QP2010, Shimadzu, Japan). Each sample was spiked with methyl 
nonadecanoate as an internal standard. A capillary column DB-5MS, with a length 
of 30m, a film thickness of 0.25mm and an internal diameter of 0.25µm was used 
for the analysis. Helium was used as the carrier gas, and the detector and injection 
temperature was set at 280oC. The temperature program of the GC column was as 
follows: 50oC held for 2 min; increased at a rate of 10oC.min-1 to 150oC and held 
for 2 min; at 185oC held for 2 min; and at 300oC held for 2 min. 
 
6.2.9 Statistical analysis 
Data is presented as means ± the standard deviation of the mean. One or 
two way analysis of variance (ANOVA) was performed to identify statistically 
significant differences in data sets at a 95% confidence level (p < 0.05). A 
Newman–Keuls (NK) multiple comparison test was performed for pair-wise 
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6.3 Results and Discussion 
6.3.1 Effect of drying method 
Figure 6.1 shows the effect of drying method on total lipid yield, where it is 
evident that differences in yield were not significant (difference in mean value was 
p>0.05). The NK test also showed no significant differences between any pair of 
the drying methods studied. However, Figure 6.2 shows that the type of drying 
method had a significant effect on the amount of FFA in the lipid (p<0.05), where 
lipid extracted from freeze-dried microalgae had the least amount of FFA (4.0 mg 
of FFA/g of dry biomass), followed by oven-dried biomass (6.8 mg of FFA/g of 
algae), where solar dried biomass had about 5 times more FFA in the lipid (20 mg 
of FFA/ g of algae). The long exposure time of biomass used for solar drying i.e. 8 
hours likely enhanced the oxidation of triglyceride molecules, thus releasing more 
FFA from the glycerol. Harvesting of microalgae prior to extraction was conducted 
using ferric-chloride coagulation. The pH of the medium was above 7.2; hence 
ferric hydroxide flocs formed during the agitation where microalgae biomass was 
entrapped in the gravity settled flocs. The iron content of the biomass was as high 
as 9.7% prior to washing, but reduced to 1.5% after washing three times with DI 
water. Transition metal ions (eg., Fe, Co, Cu) are effective catalysts for the free 
radical oxidation of lipids (David B.Min, 1989), and it is likely that the iron 
content of algae induced the oxidation of triglyceride molecules to increase FFA 
content in the lipid. For solar dried biomass, lipid oxidation could have been 
further enhanced by microbial degradation, light and UV irradiation, where it is 
known that chlorophyll serve as a sensitizer to promote photo-oxidation of lipid 
(David B.Min, 1989). 
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6.3.2 Effect of extraction method 
Sonication, ASE, Soxhlet extraction and homogenization were studied. The 
lipid extraction efficiency of each technique was compared for the three different 
drying methods (see Figure 6.1) and two different solvent systems i.e. chloroform: 
methanol and hexane:methanol (see Figure 6.3) used. Two way ANOVA showed 
no interaction between drying method and lipid extraction efficiency as based on 
lipid yield (P > 0.05), but showed significant interaction between solvent system 
and extraction method (P<0.05). Similarly, one way ANOVA showed that there is 
no significant difference between extraction methods using the chloroform: 
methanol solvent system (P >0.05), but the type of extraction method impacted the 
lipid yield (P <0.05) for the hexane: methanol solvent system. Further, the NK test 
showed that only sonication has a significant difference with other extraction 
methods for the hexane: methanol solvent system which was less efficient with 
only 22% of cell lipid extracted, but faster than other methods. ASE resulted in 
maximum lipid extraction at 33%, followed by Soxhlet (30%) and homogenization 
(28%). The miscibility of the solvent system used for the extraction explains the 
lower extraction efficiency achieved for biomass sonication. Completely miscible 
solvent systems i.e.chloroform : methanol (2:1) gave similar levels of extraction 
efficiency to other extraction methods, but partially miscible solvent systems i.e. 
hexane : methanol (3:2) yielded a lower extraction efficiency for sonication than 
other extraction methods. It was observed hexane and methanol formed two 
distinct layers, where algae biomass was in contact with polar solvent methanol at 
the bottom layer during sonication. Even though small droplets of hexane and 
methanol dispersed in each layer, microalgae had more contact with the methanol 
at the base of the solvent system. When the completely miscible solvent system i.e. 
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chloroform : methanol was used, the lipid extraction efficiency of sonication 
improved from 22.7 ± 1.5% to 34.7 ± 1.6 %. In the case of Soxhlet extraction, 
methanol with a lesser boiling point than hexane (i.e. 65oC versus 68oC), resulted 
in more methanol evaporated initially until the hexane : methanol ratio reached 75 : 
25(v/v). Hexane and methanol forms a positive heteroazeotrope which boils at 
50oC with a molar distribution of hexane : methanol (49:51) and a volume ratio of 
hexane: methanol (75:25). Hence, the algae were exposed to intermittent polar and 
non-polar solvent in the Soxhlet method and this resulted in a comparable lipid 
extraction efficiency for the ASE and homogenization methods. 
































Figure 6.1 Effect of biomass drying and lipid extraction method on lipid recovery 
using a hexane:methanol (3:2, v/v) solvent system. 
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Figure 6.3 Comparison of lipid extraction methods using miscible (i.e. 
chloroform:methanol) and partially miscible solvent system (i.e. hexane : 
methanol) 
 
6.3.3 Effect of solvent system  
Lipid was extracted from microalgae biomass using ASE in conjunction 
with the solvent systems shown Figure 6.4. 1g of microalgae (oven dried) was used 
for each experiment. One way ANOVA showed that the type of solvent system 
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used had a significant impact on lipid yield (p <0.05). Chloroform: methanol (2:1) 
was the best solvent system for lipid extraction from microalgae for any given 
condition. A similar result was obtained from an earlier study when a micro-bead 
beater was used for cell disruption (Lee et al., 1998). In our study, the extraction 
efficiency of dichloromethane : methanol (2:1, v/v) was as effective as chloroform 
: methanol (i.e. 33.1±1.6 % and 34.3±3.5 % respectively). Since dichloromethane 
(DCM) is less toxic than chloroform, it has replaced chloroform as extraction 
solvent in several studies (Parrish and Wangersky, 1987; Pernet and Tremblay, 
2003). The usage of chlorinated solvents is also hazardous and not eco-friendly; 
hence other non-polar solvents were investigated in this study. Hexane is good 
candidate solvent as it is used commercially for a wide range of extraction 
applications (Mukhopadhyay, 2000). However, the use of hexane alone gave only 
a 16% lipid yield, but addition of a polar solvent with hexane improved yield. A 
hexane: isopropanol (3:2) solvent system gave a 19% total lipid yield; where 
addition of acetone with this system did not change the lipid yield considerably. 
Methanol improved extraction efficiency relative to iso-propanol when mixed with 
hexane increasing lipid yield to 26%. A similar lipid yield was obtained using an 
ethyl acetate: ethanol (3:2) solvent system, but usage of ethyl acetate is not 
recommended as it absorbs moisture quickly and is potentially explosive.  
Figure 6.5 shows the classification of lipid obtained using different solvent 
extraction systems from dried microalgae biomass. One way ANOVA showed 
significant differences (P <0.05) for all lipid fractions (neutral, FFA and polar). 
Addition of polar solvents to hexane not only increased the polar lipid fraction, but 
also increased the neutral lipid fraction. For example, when isopropanol was 
included with hexane, the polar lipid fraction yield was increased by 85% and 
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neutral lipid by 5%. Similarly, when methanol was included with hexane, the polar 
lipid fraction was doubled and the neutral lipid fraction was increased by 60%. The 
hexane: methanol solvent system extracted higher levels of neutral and polar lipids 
than the hexane:iso-propanol solvent system. The chloroform : methanol solvent 
system extracted 68% more neutral lipid,  3 times more polar lipid than for hexane 
and 26% more neutral lipid, 50% more polar lipid than the hexane:methanol 
solvent system.. Table 6.1 shows the percentage of lipid fractions obtained using 
different solvent systems. When hexane was used as the solvent, there was no 
decrease in the FFA concentration. When the lipid is used as feedstock for 
biodiesel production, the FFA content is a critical factor as it interferes with the 
alkali catalysts used for the transesterification reaction. Based on the results 
obtained, we hypothesize that a drop in lipid extraction efficiency will increase the 

































































Figure 6.4 Effect of solvent system on extraction of lipid from dried microalgae 
biomass 
 


















































Figure 6.5 Classification of lipids extracted from dried microalgae biomass using 
different solvent systems 
 
Table 6.1 Classification of lipids extracted from dried microalgae biomass using 
different solvent systems 
 
Solvent systems Neutral FFA Polar 
Hexane 70.9±5.0 7.4±1.0 21.7±4.8 
Hexane:IPA (3:2) 62.7±8.0 3.6±0.5 33.7±2.8 
Hexane:acetone: IPA (3:1:1) 68.8±5.3 3.7±0.9 27.4±7.6 
Hexane:methanol (3:2) 64.1±4.4 4.4±0.1 31.5±2.0 
Hexane:acetone:methanol (3:1:1) 63.0±3.4 2.8±0.3 34.2±1.5 
Ethylacetate:ethanol (3:2) 66.2±4.9 3.6±0.4 30.2±5.3 
Chloroform:methanol (2:1) 61.9±1.5 1.6±0.3 36.5±0.5 
 
6.3.4 Effect of moisture content 
Lipid was extracted by ASE using a hexane: methanol solvent system to 
study the effect of biomass moisture content on lipid extraction. After 
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centrifugation at 4000 rpm for 5 minutes, the wet algae biomass contained 85.4% 
moisture by weight. Microalgae with moisture contents of 68.5%, 40.6%, 20.5% 
and 4.5% were then prepared by drying algae in oven at 55oC for 10, 20, 30 and 60 
min respectively. Figure 6.6 shows that a higher biomass moisture content reduces 
the lipid extraction efficiency. One way ANOVA showed that the moisture content 
had a significant effect on the lipid yield (P < 0.05). It was hypothesized that water 
molecules surrounding the hydrophilic outer layer of the cell wall resist the non-
polar solvent penetration inside the cell which then hinders lipid extraction. 
Further, the NK test showed that the difference in the mean of lipid yield of 
microalgae biomass with 4.49% and 20.57%  moisture content was not statistically 
significant (P>0.05).  Using microalgae biomass with a 20% moisture content for 
extraction will significantly reduce the energy demand for drying. However, this 
may simultaneously increase the moisture content of the extracted lipid which will 
then need further treatment prior to transesterification..  
Figure 6.7 shows the variation in the extracted lipid fraction as a function 
of moisture content in microalgae biomass. One way ANOVA of mean values of 
neutral, polar and FFA showed that moisture content had a significant impact on 
lipid fractions. The absolute value of FFA was increased from 3.9±1mg/g to 
11.7±2 mg/g when moisture content increased from 4.5% to 20.6%. There was no 
significant change in the absolute value of FFA content when the moisture content 
of algae was increased above 20.6% (P> 0.05); however the relative percentage of 
FFA increased (Table 6.2) as other lipid fractions decreased. 
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Figure 6.6 Effect of biomass moisture content on lipid recovery 
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Table 6.2 Relative lipid fractions extracted from microalgae biomass with different 
moisture content 
 
Moisture content % Neutral FFA Polar 
4.49% 67.8±3.5 1.5±0.5 30.7±2.5 
20.57% 71.6±2.5 5.0±0.8 23.3±5.2 
40.64% 65.3±3.4 6.2±0.4 28.5±1.9 
68.5% 70.9±2.4 7.3±0.7 21.8±2.0 
85.42% 65.7±5.3 7.8±1.0 26.5±2.2 
 
6.3.5 Fatty acid distribution of lipid fractions 
Table 6.3 shows the fatty acid distribution of the extracted lipid fractions 
from oven dried biomass using hexane : methanol solvent system via ASE. It can 
be noted that long fatty acids (>C18) did not accumulate in the polar lipid fraction, 
and that eicosapentaenoic acid (EPA) was present only in the neutral lipid fraction. 
Figure 6.8 shows the saturated fatty acids (SFA), monounsaturated fatty acids 
(MUFA) and polyunsaturated fatty acids (PUFA) content of the neutral, FFA and 
polar lipid fractions. Normally oxidation and enzyme degradation of triglycerides 
increases FFA content in lipids. In the FFA fraction, 70% of the total fatty acids 
were present as saturated fatty acids. This is supported by an earlier study that 
reported saturated fatty acids were more easily hydrolyzed than unsaturated fatty 
acids from the glycerol back bone of the triglyceride molecule by lipase enzyme 
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Table 6.3 Fatty acid distribution in different fractions of microalgae lipid extracted 
from oven dried biomass using a hexane:methanol solvent system via ASE 
 
FAME Neutral FFA Polar 
C14:0 7.14 7.72 6.77 
C15:0 0.52 0.84 0.33 
C16:1 28.03 15.22 18.99 
C16:0 34.83 48.15 36.50 
C18:3N3 0.06 - - 
C18:2N6C 0.95 3.98 0.21 
C18:1N9C 12.28 3.57 17.21 
C18:2N6T 0.63 2.27 4.47 
C18:1 N9T 2.29 5.45 12.11 
C18:0 1.14 8.58 3.08 
C20:4 1.72 - - 
C20:5 9.50 - - 
C20:3 0.06 - - 
C20:0 0.02 0.65 - 
C21:0 - 0.12 - 
C22:0 - 1.43 0.02 
C23:0 - 0.19 - 
C24:0 0.02 0.38 0.01 
Others 0.87 1.47 0.33 
 





































The lipid classification and extraction efficiency for the marine microalgae 
Nannochloropsis sp were investigated in this study. Factors affecting extraction 
efficiency and lipid quality have been studied in detail, including biomass moisture 
content, drying and lipid extraction method and solvent system.  The key findings 
are summarized as follows; 
• Drying methods i.e. solar, oven and freeze drying had no effect on lipid 
extraction efficiency, but the lipid profile was affected where FFA content 
was increased three times in extracted lipid for microalgae dried in natural 
sunlight.  
• Chlorinated solvent systems such as CF methanol and DCM methanol 
resulted in higher lipid extraction efficiencies than other solvent systems. 
Hexane, when used alone, had a poor extraction efficiency at 16.4 %, but 
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improved when the polar solvents iso-propanol and methanol were added 
lipid to 19.1 and 25.5% respectively.  
• Complete extraction of neutral lipid from the microalgae biomass was not 
possible without polar lipid extraction.  
• The moisture content of the microalgae biomass affected both lipid 
extraction efficiency and FFA content of the extracted lipid. Above a 20% 
moisture content, lipid yields were significantly reduced. When the 
moisture content was increased from 20% to 85% lipid yield dropped from 
25.4 to 13.0%, and FFA content of the lipid increased from 1.5% to 7.8% 
Overall, the extraction of microalgae biomass with a moisture content of less than 
5%, using a polar and non-polar solvent system is effective for achieving high lipid 
yields with a low FFA content which is suited for conversion into biodiesel.  
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Chapter 7 
Transesterification of MDO 
 
 Based on the results from the previous chapter, the optimal drying method, 
extraction method, moisture content of microalgae and solvent system were 
selected. Conversion of MDO to FAME has been investigated. The effect of 
catalyst type, co-solvent and type of MDO feedstock on the FAME yield has been 
investigated. Optimization of process reaction variables, including: temperature, 
catalyst amount and methanol-to-oil molar ratio, to maximize FAME yield is 
performed using response surface methodology.  
 
7.1 Background 
In this study, the factors affecting FAME yield from MDOs were 
investigated. MDOs differ from PDOs in their chemical composition of 
triglycerides, free fatty acids, polar lipids and pigments (Lewin, 1962) meaning 
further optimization of the transesterification reaction is necessary in order to 
maximize FAME yield. Crude PDOs typically contain 1-2% of polar lipids 
(Mukhopadhyay, 2000) and 0.5% of FFA, as well as 20-50ppm of pigment 
impurities (Diosady, 2005) which are removed during the refining process. 
Microalgae can contain up to 40% of polar lipids (Hodgson et al., 1991), 30% of 
FFA  (Berge et al., 1995) and 6%  pigment with respect to dry weight of biomass 
(Lubian et al., 1999), where actual composition depends on species; mode of 
culture (photoautotrophic, mixotrophic or heterotrophic); age of the culture; and 
biomass drying and lipid extraction methods used. Calcium methoxide was used as 
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the heterogeneous base catalyst for transesterification studies. The MDO source 
was a strain of Nannochloropsis that was isolated from Singapore’s marine coastal 
waters and cultured either photoautotrophically or mixotrophically in the presence 
of both light and a fixed carbon source. In this study, RSM was applied for the 
optimization of the following process variables: amount of catalyst; reaction 
temperature and methanol-to-oil ratio for heterogeneous catalytic 
transesterification of MDOs to FAME. The two RSM experimental designs most 
commonly used are the: i) Central Composite Design (CCD); and ii) the Box-
Behnken Design (BBD) (Neter et al., 1996). The BBD was used in this study as it 
is most suited for generation of first and second order coefficients, has fewer 
experimental points than CCD and the treatment combinations are at the mid-point 
of the edges of the experimental space (Lawson and Erjavec, 2001). Also the 
design ensures that all variables are never set at their highest level simultaneously, 
thereby avoiding highly unpredictable outcomes. 
 
7.2 Materials and methods 
7.2.1 Materials 
Hexane (HPLC grade) from Tedia Company Inc., and chloroform (ACS 
grade) from Merck was used in the study. Fatty acid methyl ester (FAME) 
standards, methanol (ACS reagent grade), calcium metal (98%), potassium 
hydroxide and concentrated sulfuric acid were purchased from Sigma Aldrich, 
Singapore. Chlorella biomass powder produced by Yaeyama Shokusan Company 
limited, Ishigaki, Japan was purchased from a local supplier. De-ionized water 
used in the experiment was obtained from a Milli Q water purification system.  
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7.2.2 Extraction and characterization of microalgal lipid 
Lipid from the microalgae biomass was extracted using hexane and 
methanol solvents (3:1, v/v) in a Soxhlet extractor. 20g of dried biomass and 50 
mL of solvents were sonicated for 30 min using an ULTRA tech 200 sonicator. 
The mixture was then stirred for 12 hours using a magnetic stirrer at 400 rpm. 
After this pretreatment, the biomass slurry was transferred to an extraction thimble 
(Whatman cellulose extraction thimbles 25mm ID, 80mm length) and placed into 
Soxhlet extraction apparatus. 500mL of a mixed solvent i.e. hexane:methanol at 
3:1, v/v was used for extraction with a reflux period of 6hr. After extraction, the 
lipid extract was transferred to a separation funnel where DI water was added to 
remove water-soluble impurities (carbohydrates and proteins) and to separate the 
methanol from the hexane phase. The bottom water-methanol layer was discarded 
and the top hexane layer was separated and retained. Algal lipid (MDO) was 
obtained after removal of hexane using a Buchi rotary vacuum evaporator. The 
MDO was then re-dissolved in a known quantity of hexane (10mL) for ease of 
handling and stored in a sealed amber bottle at 4oC until further use. The extraction 
procedure was repeated for 500g of dried biomass and the extracted lipid was 
pooled together to obtain a homogenized feedstock for the study. The 
saponification (183.4 mg KOH/g) and acid value (4.4 mg KOH/g) of the MDO was 
determined as described in the official methods of analysis by association of 
analytical chemists (AOAC, 1990). The molecular weight of the lipid was 
determined using the following equation (Xu et al., 2006). 
    (7.1) 
The average molecular weight of the MDO used was calculated as 940 g/mol. 
 
CHAPTER 7  TRANSESTERIFICATION OF MDO 
 131 
7.2.3 Measurement of pigment content 
Plant pigments can be classified into chlorophyll a (blue green), chlorophyll 
b (yellow green), chlorophyll c1, c2 and carotenoids (Rowan, 1989). The 
chlorophyll content of biomass was measured via spectophotometeric analysis of a 
known weight (0.1g) of biomass placed in a 100ml conical flask fitted with a 
ground glass stopper. The pigments were extracted using 30mL of a solvent 
mixture i.e. chloroform: methanol (2:1) stirred at 700 rpm for 4 hours. After 
extraction, the biomass was separated via centrifugation at 8000 rpm for 5 minutes 
and the solvent removed by purging with nitrogen in darkness. The residue was re-
dissolved in 10mL of chloroform, and an aliquot was then used to measure spectral 
absorbance at 665.6, 647.6 and 480nm. Chlorophyll content was calculated using 
the following tri-chromatic equations (Wellburn, 1994), where: 
Ca = 11.47A665.6 – 2A 647.6        (7.2) 
Cb = 21.85A 647.6 – 4.53A665.6       (7.3) 
Cx+c = (1000A480 – 1.33Ca – 23.93Cb)/202     (7.4) 
Where Ca = Chlorophyll a, Cb = Chlorophyll b and Cx+c = total carotenoids in 
µg/ml 
 
7.2.4 Catalyst preparation and characterization 
Calcium methoxide prepared by reacting calcium metal and methanol was 
used as the heterogeneous catalyst for the study. The catalyst preparation method 
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7.2.5 Transesterification experiments 
10 mL of the homogenized hexane lipid solution was placed into a 50mL 
round bottom flask with a septum inlet. Hexane was evaporated by an N2 purge for 
5 minutes. The reactor was then heated at 80oC for 15 minutes, and further in steps 
of 5 minutes until there no appreciable weight loss was detected. The final mass of 
lipid in the reactor was 5±0.5g. The reactor was transferred to a hot plate magnetic 
stirrer within an oil bath, and reaction temperature was varied over a range of 50oC 
to 80oC. Calcium methoxide, over the range of 2- 6% with respect to mass of lipid 
present, and methanol, over the range of 10 to 30 methanol to oil molar ratio, were 
added to the lipid in the reactor. The reactor was then closed with a reflux 
condenser and the reaction allowed to proceed for 120 minutes with mixing at 500 
rpm.  
 
7.2.6 FAME Analysis 
At the end of the reaction, 0.5ml of reaction mixture was removed in 
triplicate and centrifuged at 8000 rpm for 5 minutes to separate the solid catalyst 
and the polar (methanol and glycerol) phase from the non-polar phase (lipid and 
FAME). From the non-polar phase, a 20µL aliquot was taken and diluted with 
hexane for FAME analysis using a GCMS (GC-QP2010, Shimadzu, Japan). Each 
sample was spiked with methyl nonadecanoate as an internal standard. A capillary 
DB-5MS column, of 30m length, film thickness of 0.25mm and an internal 
diameter of 0.25µm was used for the analysis. Helium was used as the carrier gas, 
and the detector and injection temperature was set at 280oC. The temperature 
program of the GC column was as follows: 50oC held for 2 min; then increased at a 
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rate of 10oC.min-1 to 150oC and held for 2 min; then at 185oC for 2 min; and then 
at 300oC for 2 min. The FAME yield was calculated as follows: 
(7.5) 
 
7.2.7 Design of experiments 
Preliminary studies indicated that the reaction temperature, methanol-to-oil 
ratio and catalyst concentration were all critical factors that affected FAME yield 
(unpublished data). Response surface methodology (RSM) was used to further 
investigate the influence of these independent variables on FAME yield. A three 
level, three factor Box-Behnken experimental design was used to optimize the 
independent variables for maximum FAME yield. Table 7.1 shows the independent 
variables and their respective values used for the experimental design. Fifteen 
experiments, including three replications at the center point were completed (see 
Table 7.2) to determine the pure error. All experiments were conducted in a 
randomized order so as to counteract the effect of extraneous, uncontrollable 
influences. 
Table 7.1 Independent variables and respective levels for the Box-Behnken 
experimental design 
 
Independent variables Codes Variable levels 
 -1 0 +1 
Catalyst amount (%) X1 2 4 6 
Temperature (oC) X2 50 65 80 
Methanol-to-oil molar ratio X3 10:1 20:1 30:1 
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Coded independent  
variable levels FAME Yield % 





1 0 0 0 60.74 62.69 62.69 
2 0 -1 -1 44.71 40.58 39.11 
3 0 -1 +1 45.78 47.39 48.85 
4 -1 +1 0 56.68 57.60 54.60 
5 -1 -1 0 19.79 23.24 26.24 
6 0 +1 +1 74.55 78.68 77.22 
7 +1 +1 0 87.02 83.58 86.58 
8 0 0 0 62.59 62.69 62.69 
9 -1 0 +1 29.96 24.90 28.23 
10 +1 0 +1 64.22 63.53 60.21 
11 +1 -1 0 62.14 61.21 58.21 
12 +1 0 -1 42.09 47.14 50.47 
13 0 0 0 64.73 62.69 62.69 
14 -1 0 -1 21.14 21.82 18.49 
15 0 +1 -1 67.62 66.02 67.48 
 
7.2.8 Statistical analysis 
The experimental data obtained from the Box-Behnken designed 
experiments were analysed using RSM with Minitab 15.1.0.0 (Minitab Inc). A 
mathematical model to explain the relationships between the response variable i.e. 
FAME yield and the independent variables i.e. amount of catalyst, reaction 
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temperature and methanol-to oil-molar ratio, was developed as a second order 
equation. The general form of a quadratic polynomial regression model is given as 
follows: 
  (7.6) 
Equation (7.6) was reduced to equation (7.7) and applied to the three independent 
variables (k=3), as follows 
 (7.7) 
Where, Y is the response variable (i.e. FAME yield %), β0 the constant 
coefficient, βi, β1, β2 and β3 the coefficients for the linear effect, βii, β11, β22 and β33 
the coefficients for quadratic effect, βij, β12, β13 and β23 the coefficients for 
interaction effect, Xi, Xj, X1, X2 and X3 the independent variables, and 𝜀is the error. 
The experimental data obtained from the Box-Behnken design were used 
for determining the regression coefficients of the quadratic polynomial model. 
Analysis of variance (ANOVA) was determined and the quality of fit analysed via 
calculation of the regression coefficient (R2) value. The statistical significance of 
the regression model and the coefficients were tested using the F-test and t-test, 
respectively. Contour and surface plot analysis was completed by keeping one 
independent variable fixed and changing the other two variables. Optimal values of 
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7.3 Results and discussion 
7.3.1 Effect of MDO feedstock 
The intracellular lipids extracted from Nannochloropsis and Chlorella were 
converted to FAME using the heterogeneous catalyst calcium methoxide. 
Nannochloropsis was cultivated in sea water in a photoautotrophic culture mode, 
and then subsequently in mixotrophic mode at stationary phase. The dried biomass 
of Nannochloropsis and Chlorella had a pigment content of 1.8% and 2.3 % (dry 
weight of biomass) and lipid content of 22% and 12.3% (dry weight of biomass), 
respectively.  Pigments are lipophilic and therefore extracted together with the 
lipid, where the lipid extracted from Nannochloropsis and Chlorella contained 
8.2% and 18.7% of pigment, respectively. Figure 7.1 shows the FAME yield and 
pigment content of lipid extracted from the microalgae. FAME conversion reached 
60% for lipid extracted from Nannochloropsis, and only 13% for Chlorella after 2 
hours with 4% of catalyst (wt% with respect to lipid), a 20:1 methanol-to-oil molar 
ratio, and 65oC reaction temperature. The low conversion for Chlorella lipid was 
likely due to the presence of non-saponifiable impurities, including pigments, 
sterols and waxes, blocking active sites of the catalyst. This was supported by the 
fact that the colour of the catalysts was changed from white to green (colour of 
chlorophyll) during the course of the reaction.  






































Figure 7.1 Pigment content and FAME yield of MDO from Nannochloropsis and 
Chlorella under the reaction conditions: 65oC; methanol-to-oil molar ratio 20:1; 
and 4% catalyst (wt% with respect to lipid) 
 
7.3.2 Effect of Catalyst  
The relative performance of homogeneous catalysts i.e H2SO4, KOH, and 
the heterogeneous catalyst calcium methoxide used for transesterification of the 
MDO was evaluated. Lipid extracted from Nannochloropsis was used for this 
study under the following reaction conditions; catalyst 4%; methanol-to-oil molar 
ratio 20:1; reaction temperature 65oC; and duration of 2 hours. FAME yield was 
only 9% for the acid catalysts and 60% for KOH and calcium methoxide. Acid 
catalysts are ineffective at 65oC and the reaction rate is about 4,000 times slower 
than alkali catalysed transesterification (Fukuda et al., 2001). 



















Figure 7.2 Effect of catalyst type on FAME yield via transesterification of 
microalgal lipid at 65oC; methanol-to-oil molar ratio of 20:1; and 4% catalyst 4% 
(with respect to lipid). 
 
7.3.3 Effect of co-solvent 
The reaction of calcium methoxide for transesterification of MDO 
comprises three different phases i.e. solid, polar and non-polar. MDO is a viscous, 
semi-solid at room temperature and transesterification is expedited by using 
hexane as a co-solvent. Hexane over a range of 0 to 100% (v/v, with respect to 
methanol) was used (see Figure 7.3). Addition of 10% hexane improved FAME 
yield from 60% to 67%. As MDO and methanol are partially soluble in hexane, the 
presence of the co-solvent enhanced methanol and lipid interface. However, 
addition of hexane above 50% had a negative impact on FAME production, 
primarily due to dilution where the concentration of catalyst in the reaction mixture 
decreased due to the addition of hexane which overwhelmed the improved mass 
transfer between the phases. 
 































Figure 7.3 Effect of co-solvent on FAME yield obtained from transesterification of 
microalgal lipid at 65oC; methanol-to-oil molar ratio of 20:1; and catalyst 4% (with 
respect to lipid); and hexane addition of 0 to 100% (v/v, with respect to methanol) 
 
7.3.4 Development of the regression model  
The effect of reaction variables i.e. amount of catalyst, temperature and 
methanol-to-oil molar ratio on the FAME yield were determined. Fifteen 
transesterification experiments, including triplicate of center points were conducted 
using MDO and calcium methoxide as the catalyst. Table 7.1 and 7.2 show the 
Box-Behnken design of experiments and the data obtained. The response variable 
showed considerable fluctuation, where experiment runs 7 and 14 resulted in 
minimum (19%) and maximum (87%) FAME yields, respectively. The coefficients 
of the full quadratic model (equation 7.2) were determined using regression 
analysis of the experimental data. Table 7.3 shows the coefficients and their 
statistical significance for the full and reduced models i.e. after removal of 
insignificant terms at the 5% level (p >0.05), i.e. coefficients of X22 interaction 
variables X1X2, X1X3 and X2X3. The model was then reduced by eliminating the 
insignificant coefficients. Regression analysis was performed to determine 
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coefficients and their significance in the reduced model (RM1). The P-value 
showed that the methanol-to-oil ratio (X3) was insignificant (p >0.05) for RM1, but 
preliminary experiments showed that methanol-to-oil ratio had a significant impact 
on the FAME yield. Hence, existing terms in the reduced model (RM1) could not 
explain the effects of process variables. The RM1 was modified by inclusion of the 
term X22 as its p-value in the original full quadratic model as 0.061 i.e. closer to the 
cut of value (0.05) when compared to the interaction variables (X1X2 = 0.283, 
X1X3 =  0.240 and X2X3 = 0.583). (RM2). Regression analysis of the modified RM1 
model i.e. RM2 was conducted to determine the coefficients and their significance 
(see Table 7.3). The wellness of fit for models was calculated using the coefficient 
of determination (R2). The R2 value of RM2 was greater than RM1 and very close to 
the full quadratic model (see Table 7.4). However, to compare the explanatory 
power of models with a different number of variables, the adjusted R2 (R2adj) is a 
superior tool (Neter et al., 1996). The R2 of a model may increase with addition of 
new terms due to merely chance alone, but R2adj will increase only if the new term 
improves the model more than would be expected by chance, otherwise it will 
decrease. Identical values of the adjusted R2 of RM2 (0.93) and full quadratic 
model (0.93) prove that the higher R2 value of the full quadratic model was due to 
the inclusion of more terms.  R2adj of RM2 > RM1 proved that the addition of the 
term X22 improved the model by more than by chance alone. The predicted R2 
(R2pred) indicates the applicability of the model for new observations, where the 
higher the value of R2pred of RM2 proves that the model can predict responses for 
new observations better than other models i.e. RM1 and a full quadratic model.  
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The final form of the regression model (RM2) in terms of coded factors is as 
follows; 
      (7.8) 
Positive values indicate synergistic effects, and negative values an antagonistic 
effect. From the equation reaction, temperature is the most important variable 
controlling FAME yield, where both linear and quadratic terms of the temperature 
variable are positive. Even though the coefficient of the linear term is higher for 
the amount of catalyst used, the effects are partially neutralized by the negative 
effect of the quadratic term. ANOVA of the regression model (RM2) was 
performed to evaluate the significance of the model and its terms (both linear and 
square). The p-values of the model (RM2) were significant for both models at the 
5% level (see Table 7.5). The P-value of lack of fit was insignificant at 0.108, 
meaning there is no evidence that the model did not fit the experimental data. 
Figure 7.4 shows predicted versus experimental FAME yield, and the good fit 
shows that the model is capable of explaining variation due to the three process 
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Table 7.3 Results of regression analysis of a full quadratic model for 
transesterification of microalgal lipid using calcium methoxide 
  















Constant 62.687 66.545 62.687 0.000 0.000 0.000 
X1 15.988 15.988 15.988 0.000 0.000 0.000 
X2 14.184 14.184 14.184 0.000 0.000 0.000 
X3 4.869 4.869 4.869 0.040 0.057* 0.029 
X12 -12.548 -13.031 -12.548 0.005 0.003 0.002 
X22 6.269 - 6.269 0.061* - 0.048 
X32 -10.789 -11.271 -10.789 0.009 0.007 0.004 
X1X2 -3.001 - - 0.283* - - 
X1X3 3.328 - - 0.240* - - 
X2X3 1.463 - - 0.583* - - 
*insignificant at 5% level 
 
Table 7.4 Correlation coefficients of experimental and predicted FAME yield 
model, with and without interaction effect 
  
Model R2 R2adj R2pred 
Full quadratic model 0.976 0.933 0.640 
Reduced model 1 0.932 0.893 0.795 
Reduced model 2 0.959 0.929 0.839 
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Table 7.5 Analysis of variance (ANOVA) for the fitted quadratic model (RM2) 
after eliminating insignificant terms 
 
Source DF Sum of squares Mean 
square 
F-value p-value 
Model 6 5018.86 836.48 26.12 0.000 
Linear 3 3843.91 1281.3 48 0.000 
Square 3 1174.95 391.65 14.67 0.001 
Residual 
error 
8 213.54 26.69 - - 
Lack of fit 6 205.59 34.26 8.61 0.108 
Pure error 2 7.96 3.98 - - 
Total 14 5232.41 - - - 
 
 




















Figure 7.4 Predicted versus experimental values for FAME yield based on 
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7.3.5 Optimization of reaction variables 
The second order regression model, as developed, is complex and has many 
variables, and it is challenging to understand the effect of different independent 
variables from the regression model. Contour and response surface plots were 
drawn to explain the effect of catalyst concentration, temperature and methanol-to-
oil molar ratio on FAME yield (see Figures 7.5, 7.6 and 7.7).  Contour plots and 
three dimensional surface plots were generated by holding one of the variables at 
mid-point, and varying the other two variables to obtain a response. The elliptical 
shape of the curves indicates that interaction between the variables was strong 
(Lawson and Erjavec, 2001). Figures 7.5 and 7.6 show the poor interaction 
between temperature and other variables. At a reaction temperature above the 
boiling point of methanol i.e. >65oC, there are two counterproductive effects: i) an 
increase in temperature increases the rate of reaction due to higher energy and 
reduced mass transfer resistance; and ii), availability of methanol in the liquid 
phase likely decreases due to more methanol being present in the vapor phase at a 
higher temperature. When the methanol-to-oil molar ratio was in the range of 10 to 
30, the negative effect was not significant - unlike the positive effect. Hence, 
FAME yield was increased with an increase reaction temperature. Figure 7.7 
highlights the significant interaction between the methanol-to-oil molar ratio and 
the percentage of catalyst used.  According to the convex response surface, there is 
a well defined optimum condition for the independent variables. Increasing catalyst 
concentration increased the FAME yield up to 5.2% catalyst by weight, beyond 
which FAME yield declined. Addition of more catalyst resulted in poor mixing of 
the three phases of the reaction mixture. Hence, aggregation of catalysts and poor 
mass transfer between phases reduces FAME yield. Similarly, excess methanol 
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will shift the equilibrium to the right and improve FAME yield, but beyond a 
certain value the excess methanol results in adverse catalyst dilution. The catalyst 
concentration, with respect to volume of reaction mixture decreased with an 
increase in methanol, with a concomitant drop in FAME yield. The regression 
model (equation 7.8) was used to find the optimum values of variables to achieve 
maximum FAME yield via the heterogenous calcium methoxide catalysed 
tranesterification of MDO. Optimum conditions of the independent variables were 
determined as; 5.2% catalyst; a reaction temperature of 80oC; and a methanol-to-
oil molar ratio of 22:1. 
 







































Figure 7.5 Response surface curve and contour plots showing the effect of reaction 






































Figure 7.6 Response surface curve and contour plot showing the effect of reaction 
temperature and methanol-to-oil molar ratio on FAME yield from MDO 
































Figure 7.7 Response surface curve and contour plot showing the effect of catalyst 
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7.3.6 Validation of model 
In order to validate the model, calcium methoxide catalyzed 
transesterification of MDO was conducted in triplicate under optimized conditions 
i.e. 5.2% catalyst, 80oC reaction temperature and a methanol-to-oil molar ratio of 
22:1. The experimental FAME yield of 87.5±0.9% was in good agreement with the 
predicted value of 88.77% for the model. As a result of the validation experiments, 
the regression model developed using the Box-Behnken design based on RSM 
proved both accurate and reliable for the prediction of FAME yield from MDO. 
 
7.4 Summary 
In this study, factors affecting MDO conversion to FAME were 
investigated. Base catalysts (KOH and Calcium methoxide) were more effective 
than the acid catalyst (H2SO4) for the transesterification of MDO. Lipids with less 
pigment are most suited for biodiesel production via transesterification using 
heterogeneous catalysis. Lipid, with an 8% pigment content extracted from 
Nannochloropsis, gave a FAME yield of 60% compared to a 13% for lipid 
extracted from Chlorella with an 18% pigment content. The addition of hexane as 
a co-solvent at 10% v/v with respect to methanol improved the FAME yield from 
60% to 67% by decreasing mass transfer resistance. However, the further addition 
of hexane had a negative impact on the FAME yield due to dilution. A second 
order polynomial model was developed using the Box-Behnken design of 
experiments for calcium methoxide catalysed transesterification of lipid extracted 
from Nannochloropsis. Reaction temperature was the most important variable 
affecting FAME yield studied relative to catalyst concentration and methanol-to-oil 
ratio. ANOVA of the regression model and coefficients of determination (R2) 
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showed that variation was closely explained by the linear and quadratic terms of 
the independent variables. The interaction of independent variables on FAME yield 
was investigated using contour and surface plots, and showed that the optimized 
reaction condition for methanolysis of MDOs was a catalyst concentration of 5.2%, 
a reaction temperature of 80oC and a methanol-to-oil molar ratio of 22:1. The 
FAME yield of 87.5±0.9%, under optimized reaction conditions, was in excellent 
agreement with the predicted FAME yield of 88.77%. Hence, the model is accurate 
and reliable for the prediction of FAME yield from a heterogeneous calcium 




Transesterification of Lipid Extract 
 
Microalgae lipid extraction techniques and their impacts on the lipid 
characteristics were presented in Chapter 5. It was suggested that a polar and non-
polar solvent mixture may increase lipid yield. In Chapter 6, transesterification of 
MDO from different feedstocks was investigated, and it was discovered that cell 
pigments and unsaponifiable matter have an inhibitory effect on FAME conversion 
and final product quality. In this chapter, a novel process has been developed that 
combines both lipid extraction and conversion of MDO using methanol azeotropes. 
The impact on FAME yield from process reaction variables is reported and the 
feasibility of converting a batch process for FAME production to a continuous 
process is discussed. 
  
8.1 Background  
In Chapter 6, reaction variables, including: temperature; catalyst amount; 
and methanol-to-oil molar ratio were optimized for the transesterification of MDO 
to FAME using calcium methoxide as the heterogeneous catalyst. Data show that 
maximum FAME yield was obtained at a reaction temperature of 80oC and a 
methanol-to-oil molar ratio of 22:1.  MDO was a semi-solid at room temperature 
(23oC) and more viscous than other PDOs used in this research. In addition, the 
extracted MDO contains impurities as pigments and unsaponifiable matter that 
increase reaction mass transfer resistance. As a result, a higher energy input is 
required to convert MDO to FAME using calcium methoxide. The MDO feedstock 
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also requires heat energy for the separation of solvents after extraction. Therefore, 
the direct conversion of lipid extract from microalgae to FAME after extraction 
will reduce energy consumption and minimize feedstock losses in the biodiesel 
production process. In this chapter, a novel method that couples extraction of 
intracellular lipid-oils from microalgae with the conversion of lipid extract to 
FAME via heterogeneous catalysis, using calcium methoxide, was developed. 
 
8.2 Azeotropes 
Non-polar solvents used for extraction included hexane, chloroform and 
ethyl acetate that forms a positive azeotrope with methanol and favours the 
separation of solvents from the FAME after conversion. A positive azeotrope 
arises when two different solvents are mixed at a particular molar faction to behave 
as single solvent with a lowered boiling point than the boiling points of pure 
solvents. For example when hexane and methanol are mixed at a molar ratio of 
48:52 respectively, the mixture boils at 50oC i.e. less than the boiling point of pure 
methanol (64oC) and pure hexane (69oC) alone (see Figure 8.1). In addition, 
vapour phase has the same molar fraction as the liquid phase, meaning the 
azeotrope mixture is recovered following condensation. In the study, heterotrophic, 




















Figure 8.1 Vapor–liquid equilibrium at constant pressure (1.013 bar) for solvent 













Figure 8.2 Vapor–liquid equilibrium at constant pressure (1.013 bar) for solvent 
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Hexane (HPLC grade) and acetone (HPLC grade) were purchased from 
Tedia Company Inc. Chloroform (ACS grade) was purchased from Merck, and 
ethyl acetate (pesticide grade) was purchased from Fisher Scientific. Methanol 
(ACS reagent grade), calcium metal (98%), potassium hydroxide and sulfuric acid 
were purchased from Sigma Aldrich. De-ionized water used in the experiment was 
from a Milli Q water purifying system.  
 
8.3.2 Microalgae culture 
8.3.2.1 Mixotrophic culture 
A strain of Nannochloropsis sp. which was isolated from Singapore’s 
marine coastal water was used for study. Microalgae were grown in an indoor 
raceway pond provided with artificial light at 70µmol.s-1.m-2, over a 12:12 hr 
light/dark period, in an enriched nutrient F1 medium. The raceway pond was 
inoculated with 20% (v/v) of microalgae in exponential growth phase. When 
microalgae in the raceway pond reached stationary phase (cell density of 5x106 
cells/ml), 5g/L glycerol was added to the medium to induce a high carbon to 
nitrogen ratio and improve the lipid content of the algae. After 7 days in 
mixotrophic culture, algae were harvested by a chemical coagulation and 
flocculation technique using 100 mg/L of ferric chloride as the coagulant. After the 
biomass settled, the upper aqueous layer was decanted and the biomass separated. 
Centrifugation at 4000 rpm for 5 minutes was used to concentrate the biomass to 
15% solids prior to washing three times with DI water to reduce salt content. The 
algae paste was then dried in an oven at 60oC for 3hr, before crushing to a powder 
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using a porcelain mortar and pestle. Algae powder was stored in a sealed container 
inside a desicator prior to lipid extraction. The moisture content of the algae was 
determined using a standard method (AOAC, 1990). 
 
8.3.2.2 Heterotrophic culture 
The freshwater heterotrophic microalgae species Chlorella Protothecoides 
(strain number 25) was obtained from UTEX, USA. For cultivation, a 5L 
fermentor with pH control and a magnetic stirrer was used. The following medium 
was used for the microalgae cultivation (Grant and Hommersand, 1974), all at per 
liter; KH2PO4, 0.3g; MgSO4.7H2O, 0.3g; FeSO4.7H2O, 3mg; thiamine 
hydrochloride, 10µg; glucose, 10g; glycine, 0.1g; Arnon’s A5 solution, 1mL. 
Arnon’s A5 solution contained per liter: H3BO3, 2.9g; MnCl2.4H2O, 1.8g; 
ZnSO4.7H2O, 0.22g; CuSO4.5H2O, 0.08g; MoO3, 0.018g. The culture medium was 
autoclaved for 20 min at 121oC and 3L of sterile medium in the fermentor was 
inoculated with 10% (v/v) of culture in the exponential phase. Chloromycetin 
(0.01g/L) was added to the medium to avoid bacterial contamination. An air flow 
rate of 180L/min was supplied at a mixing speed of 200 rpm. A culture pH of 6.5 
was maintained in the fermentor. Every 12 hours, the residual glucose 
concentration was measured and brought back to the initial level of 10g/L by 
adding a sterile glucose stock solution with a proportionate amount of glycine. Cell 
division was determined by measuring the optical density of the medium at 540nm 
(OD540) using a spectrophotometer. A correlation between OD and microalgae 
concentration was used to estimate the biomass concentration. It was found that 
y=0.2356*(OD)540 where y is the microalgae concentration in g/L. When the 
microalgae culture reached stationary phase, the biomass was separated via 
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centrifugation at 10,000 rpm for 5 minutes using a Kubato centrifuge, and the algae 
paste was then freeze dried using a Martin Christ freeze-drier for 16 hours. 
 
8.3.3 Preparation of calcium methoxide 
Calcium methoxide prepared by reacting calcium metal and methanol was 
used as the heterogeneous catalyst for the study. The catalyst preparation method 
was already explained in the Chapter 3 and section 3.2.2. 
 
8.3.4 Estimation of pigment content  
Pigment content of the microalgae was calculated using the trichromatic 
equations developed by Wellburn (2001). The method was elaborated in the 
Chapter 7 and section 7.2.3. 
 
8.3.5 Extraction and transesterification 
The experimental set-up used for the lipid extraction and conversion was 
similar to that used for a conventional Soxhlet extraction, comprising a 250mL 
round bottom flask in which 1g of calcium methoxide, or 0.56g of homogeneous 
catalysts (KOH or H2SO4) and 100mL of extraction solvents were added at the 
azeotrope composition shown in Table 8.1. The flask was maintained in an oil bath 
and heated to 85±1oC. Adding glass beads to the flask subsidized turbulence due to 
boiling. 10g of dry biomass was placed in an extraction thimble (Whatman 
cellulose extraction thimbles 25mm ID, 80mm length) and kept above the round 
bottom flask (reactor). The evaporated solvent vapor was condensed above the 
extraction thimble (see Figure 8.3). The condensed solvent was then continuously 
dripped into the extraction thimble. When the thimble was filled, solvent, 
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containing extracted lipid, was siphoned to the round bottom flask and mixed with 
solvent and catalyst at a mixing speed of 400 rpm. The extraction and conversion 
of lipid was continued for 10 hours, and all samples were prepared in duplicate. 
 
Table 8.1 Properties of azeotropes formed with methanol (Smallwood, 1993) 
Solvent Boiling 
point oC 
       Azeotrope Type of azeotrope 
Boiling 
point oC 
% w/w % v/v 
n-Pentane 36.1 31 92 94 Homoazeotrope 
n-Hexane 69 50 72 76 Heteroazeotrope 
Chloroform 61 53 87 79 Homoazeotrope 
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8.3.6 Separation of FAME  
The reaction mixture from the flask was transferred to 50mL centrifuge 
tubes. Solid catalysts were removed via centrifugation at 8000 rpm for 5 minutes, 
and solvents were removed via rotary evaporation. The non-polar content 
comprising FAME, unreacted lipid and pigment were re-dissolved in hexane and 
insoluble residues discarded. Finally, hexane was evaporated via N2 purging to 
determine the total product yield, where an aliquot was used to estimate the 
specific FAME content of the product. 
 
8.3.7 FAME Analysis 
A Shimadzu gas chromatograph (GC-QP2010, Japan) with mass spectrometer 
was used for FAME analysis. The method was already explained in Chapter 7 
under section 7.2.6. 
 
8.4 Results and Discussion 
8.4.1 Effect of solvent system on lipid extraction and conversion 
The objective of the study was to identify the best solvent system for the 
extraction and conversion of lipid to FAME from microalgae. From the literature it 
is known that methanol can form a positive azeotrope with alcohols, esters, ethers, 
alkanes, aromatic solvents and solvents (Smallwood, 1993). Chloroform, hexane, 
and ethyl acetate were the selected solvents, as all are widely used for extraction 
(Mukhopadhyay, 2000). Nannochloropsis, grown mixotrophically, was used for 
the study. Chloroform-methanol (CM) and ethyl acetate-methanol (EM) are 
completely miscible solvent systems, whereas hexane-methanol (HM) is only 
partially miscible at room temperature (23oC). Table 8.1 shows the boiling point 
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and composition of the azeotropes. When EM was used as the solvent system, the 
reaction mixture solidified in the form as a gel. From the literature it is known that 
ethyl acetate can be hydrolysed to acetic acid and ethanol in the presence of a 
strong base (Vilcu and Meltzer, 1993). Ethyl acetate itself is highly hygroscopic, 
and is likely to have absorbed water molecules from the atmosphere. In addition, 
the biomass itself contained 2% water by weight. And which this may have also 
adversely affected the reaction mixture. Acetic acid was formed due to the 
hydrolysis of ethyl acetate. Lipid extracted from the biomass may also be 
hydrolysed to fatty acid and glycerol in the presence of acids. Acetic acid and fatty 
acids thus formed, were likely reacted with calcium methoxide to form calcium 
acetate and soap respectively, thus preventing the separation of the solid catalysts. 
 
Figure 8.4 shows that the CM solvent system was highly efficient in lipid 
extraction, where hexane-soluble total product yield reached 32%, with a 33% 
FAME content in the product. Due to the strong lipid extraction efficiency of the 
CM solvent system, unsaponifiable substances such as sterols, spinghocides, waxes 
and pigments were also likely extracted which reduced overall conversion to 
FAME. The pigment content of the lipid accounted for 8 to 25% of the total lipid 
content, depending on the growth stage of Nannochloropsis (see Table 8.2). Other 
reasons possible for the low conversion rate include: i) the presence of 
unsaponifiable compounds poisoning the active catalyst sites; ii) the high tendency 
of chloroform to retain lipid molecules,  thus affecting the reaction between lipid 
molecules and methanol; iii) chloroform affecting the dissociation of methanol to 
methoxide ion on the catalyst surface. Further investigation is needed to verify the 
reason for the low conversion of lipids to FAME in the CM solvent system.  
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When methanol alone was used as the solvent, the FAME content of the 
product reached 65%, but total product yield was only 7%. The HM solvent system 
yielded a higher level of FAME at 85%, with a moderate product yield of 16%. 
The overall yield of FAME for the solvent systems was as follows: HM (0.13g of 
FAME/g of dry biomass) < CM (0.10g of FAME/g of dry biomass) < methanol 
(0.05g of FAME/ g of dry biomass). Pigments are known to account for up to 8%, 
and polar lipids 20%, of extracted microalgal lipid (Kumar et al.). Polar lipids 
comprise only two fatty acid molecules, hence a 67% FAME yield is theoretically 
possible from polar lipids. A higher FAME conversion i.e. 85% showed that the 
complete transesterification of saponifiable lipid was possible in the HM solvent 
system. A further advantage is the lower boiling point of the azeotrope (50oC). 
Figure 8.1 shows that the vapour liquid equilibrium of the HM solvent has a low 
boiling point for broad range of molar compositions, which represents an 






















Figure 8.4 Effect of solvent system on extraction and conversion of lipid from 
Nannochloropsis 
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Table 8.2 Pigment and lipid content of feedstocks resulting from chloroform-
methanol and hexane-methanol solvent extraction systems 
 
Type of feedstock Pigment 
% 









Autotrophic Chlorella 2.4 17.45 13.10 13.75 18.66 
Heterotrophic Chlorella 0.2 40.61 33.21 0.49 0.60 
Mixotrophic (Stationary Phase) 
Nannochloropsis  
1.9 31.08 23.04 6.11 8.20 
Autotrophic (Growth Phase) 
Nannochloropsis  
4.1 22.42 17.01 18.28 24.10 
 
 
8.4.2 Effect of catalyst 
The performance of homogeneous (KOH and H2SO4) and heterogeneous 
catalysts (calcium methoxide) was studied for lipid extraction and conversion 
using the HM solvent system. When sulfuric acid was used as the catalyst, the total 
product yield was 20% - higher than other catalysts used but FAME conversion 
was still moderate at 37% (See Figure 8.5). It was likely that acid molecules 
evaporating together with the solvents destroyed the microalgae cell wall to extract 
more lipids, where similar effects were observed in a previous study (Dubinsky 
and Aaronson, 1979). The low FAME conversion was likely due to the fact that 
acid catalysed reactions are several orders of magnitude slower than alkali 
catalysed transesterification (Fukuda et al., 2001). When KOH was used as the 
catalyst, the FAME conversion was 87%, but the total hexane-soluble product 
yield was low – at only 6%, due to the saponification of lipids by KOH in the 
presence of water. Moisture in the microalgae biomass (2% of dry weight, equating 
to 0.01 moles of water in 10g of biomass) was the likely source of water molecules 
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that induced saponification. If we assume the HM solvent system extracted 20% of 
lipid and the average molecular weight of the lipid was 940g/mole, then 0.002 
moles of lipid were present in the reaction mixture. As every mole of lipid requires 
three moles of water for saponification, then excess water was present in the 
reaction mixture. However, the water molecules were very much diluted by the 
presence of 100mL of the solvent. It is hypothized, therefore, that 
transesterification was predominant and lipids were initially converted to FAME, 
but FAME was then hydrolysed in the presence of KOH and the fatty acids 
released were then saponified. Normally, a KOH catalyzed transesterification 
reaction is completed in 30 minutes. However in this case, the experiment was 
conducted for 10 hours in order to maximize lipid extraction, during which time 
the FAME was hydrolysed and saponified, resulting in a total product yield of only 
6% with a FAME content of 87%. When the heterogeneous catalyst, calcium 
methoxide was used metal cations were not available in the reaction medium, 
hence loss of FAME due to saponification was prevented giving a total product 
yield of 16% with a corresponding FAME conversion of 86%. Results show that 
the use of calcium methoxide is suitable for the simultaneous extraction and 
conversion of microalgal lipids to FAME from biomass with a low moisture 
content (<2%). 
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Figure 8.5 Effect of catalyst on extraction and conversion of lipid from 
Nannochloropsis 
 
8.4.3 Effect of reaction time 
  In order to optimize the extraction and conversion of lipids from 
microalgae, experiments were conducted for periods of 3, 5, 7 and 10 hours. Figure 
8.6 shows that maximum product yield and FAME conversion were reached 
maximum at 5 hours i.e. 18% and 94% respectively, where 60% of the total lipid 
was extracted in the first three hours. Continuing the extraction beyond 5 hours did 
not increase the lipid yield and, interestingly, the yield was reduced to 15% after 
10 hours and the FAME content reduced from 94% at 5 hours to 85% at 10 hours. 
The results clearly support the hypothesis that, initially, the lipid is converted to 
FAME via transesterification and then the FAME is hydrolysed and saponified. 
Saponification was faster when homogeneous base catalysts such as KOH were 
used. When calcium methoxide was used, the hydrolysis of FAME was slowed as 
metal cations were not present in the liquid phase for soap formation. So, after 10 
hours the FAME yield was 13% (with respect to biomass) and only 6% when KOH 
was used. Another possible reason for FAME loss could be due to its oxidation and 
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polymerization due to prolonged exposure to metals and heat (Canakci et al., 1999; 



















Figure 8.6 Effect of process duration on extraction and conversion of lipid from 
Nannochloropsis 
 
8.4.4 Effect of feedstock 
Three different microalgae biomass types: i) photoautotrophic chlorella, ii) 
heterotrophic chlorella; iii) and mixotrophic Nannochloropsis were used to 
investigate the direct conversion of lipid extract to biodiesel. Calcium methoxide 
was used as the catalyst and the experiments were conducted for 10 hours. Figure 
8.7 shows the total hexane-soluble product yield and its FAME content for the 
different biomass sources. The hexane-soluble product yield (25% dry weight of 
biomass) and FAME content (99%) were higher for heterotrophic chlorella than 
other feedstocks. FAME yield was in the following order: heterotrophic Chlorella 
(25%) > Nannochloropsis (13%) > autotrophic Chlorella (6%). Unsaponifiable 
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lipids, sterols, spinghocides, waxes and pigments were either present in very low 
amounts or absent in the fresh water heterotrophic Chlorella. Table 8.2 shows the 
pigment content and lipid content of feedstocks studied. 
 
Chlorophylls and carotenoids are present in microalgae as photosynthetic 
pigments. Normally, chlorophyll pigments are classified as a, b, c and d according 
to chemical structure (Rowan, 1989). Chlorophyll c has two forms i.e. c1 and c2,  
and these are the major pigments found in microalgae (Rowan, 1989). Chlorophyll 
b is not present in the Nannochloropsis species (Rowan, 1989). Unlike the 
chlorophylls, the carotenoids are more prevalent, where over 400 types are known 
to be present in plants, mainly classified as carotenes and xanthophylls (Rowan, 
1989). Carotenoids are antioxidants and are believed to protect the chlorophylls 
from photo-oxidation. In this study chlorophyll a, b and total carotenoids 
(carotenes and xanthophylls) were measured to represent total pigment content (see 
Table 8.2).  
 
Chlorophyll a and b contain an isocyclic ring and a magnesium atom 
chelated at the centre of the ring. Both chlorophylls have a propionic acid esterified 
with a C20 monounsaturated alcohol, called phytol (Rowan, 1989). The molecular 
weight of chlorophyll a and b are 894 g/mol and 908 g/mol respectively (Rowan, 
1989). Both types are lipophilic and extracted together with intracellular lipid. The 
pigment content of heterotrophic algae Chlorella was only 0.2% (dry weight of 
biomass), and much lower than autotrophic and mixotrophic species. It has been 
reported that Chlorella species grown heterotrophically on high concentrations of 
glucose and low concentrations of nitrogen source have no chlorophyll present, but 
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trace amounts of carotenoids and diminished chloroplasts persist (Grant and 
Hommersand, 1974). If it is assumed that all pigments from the heterotrophic algae 
are extracted in the HM solvent system, the lipid should contain at least 0.6% 
pigment content. Photoautotrophically cultured Chlorella had a higher pigment 
content at 19% of lipid weight. Figure 8 shows lipid pigment and percentage of 
FAME for each type of microalgae biomass. There is a strong negative correlation 
(r2 =0.98) between the pigment content of lipid and FAME i.e a higher pigment 
content results in a lower FAME yield. For autotrophic Chlorella, pigment content 
in the lipid was only 19%, meaning a theoretically maximum possible FAME 
content is 81% but the experimental value was only 48%. Possible reasons could 
be due to one or several reasons, including: i) loss of FAME due to saponification 
by the calcium ions leached from catalysts; ii) polymerisation of unsaturated fatty 
acids and/or FAME; iii) loss of catalytic activity due to strong adsorption of 
pigments and their degraded products on the active sites of catalysts; and/or iv) 
presence of other unsaponifiable matters such as sphingocides, wax, sterols and 
cutin. Adsorption of pigments on the catalyst surface was supported by the fact that 
the colour of the catalyst was changed from white to green after reaction. To 
produce high quality biodiesel, feedstocks with less pigment and unsaponifiable 
matters are preferred, as biodiesel produced from feedstock with a high pigment 
content will require further processing to remove impurities.  
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8.4.5 Discussion on process development 
In this study, 10g of biomass and 100mL of solvent mixture i.e 76 mL of 
hexane and 24 mL of methanol were used for each experiment. From 10g of dry 
biomass of Nannochloropsis.sp, 2g of lipid was extracted. The molecular weight of 
lipid was 940g/mole hence the biomass had 2.2mmoles of lipid. For calcium 
methoxide catalysed transesterification of algal lipid, the optimized process 
variables are as follows; methanol: oil ratio of 22:1; amount of catalyst 5.2% (with 
respect to lipid); temperature 80oC. 2g of lipid i.e. 2.2 mmoles of lipid requires 
only 2mL of methanol and 0.1g of calcium methoxide catalyst as per the optimized 
values. During each cycle of extraction the volume of methanol in the reactor will 
vary from 24 mL to 12 mL due to the solvent held in the extraction thimble prior to 
the siphoning of solvent with extracted lipid. Hence, the volume of methanol 
available for the reaction was at least 6 to 12 times higher than the required 
volume. In addition to excess methanol, hexane (from 38mL to76mL) was also 
present in the reactor. These excess solvents will hinder the lipid conversion to 
FAME due to the dilution effect. In order to overcome the dilution effect, catalyst 
was added at 10 times more than the optimized catalyst amount required for lipid 
conversion. FAME conversion of the lipid was as high as 94% in 5 hours. The key 
finding from this study is that the dilution effect of excess solvents (i.e. hexane and 
methanol) can be offset by increased amount of catalyst.  
 
The batch process studied in this work can be converted to continuous 
process. Figure 8.10 shows the block diagram for the proposed continuous process. 
Commercial continuous extractors such as Carousel extractor can be used for lipid 
extraction. It has as high as 1 to 300 tons per hour though put. It is the commonly 
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used extractor in the vegetable oil industry. Microalgae will agglomerate during 
the drying process. When the biomass layer thickness was less than 5mm, the dry 
algae were in the form thin flakes as shown in the figure 8.9 Biomass layer 
thickness higher than 5mm caused formation of chunks and granules of dry algae. 
The particle size of the dry algae is tunable according to the requirement of 
extraction technique. After extraction extract will be passed to a continuous stirred 
tank reactor (CSTR) for transesterification of lipid. If the catalyst can be pelletized, 
CSTR can be replaced with packed bed reactor. After the reaction the solvents will 
be separated by the flash evaporator and recycled back to extractor. The reaction 
mixture without solvents will be sent to a decanter to separate it into two phases 
polar and non polar. Finally FAME in the non polar phase will be separated from 
other impurities by either distillation column or adsorption column based on the 
feedstock. For example heterotrophic microalgae the FAME conversion was as 
high as 99% and the non polar impurities such as pigments and unsaponifiable 
lipids are less hence adsorption column will be sufficient to remove the impurities. 
But for the mixotrophic and autotrophic microalgae the FAME conversion was in 
the range of 50- 90% due to the presence of pigments and other unsaponifiable 
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Figure 8.10 Proposed process flow diagram for continuous extraction of lipid and 
conversion of extract to biodiesel 
 
8.5 Summary 
Direct transesterification of lipid extract from microalgae biomass and the 
effect of solvent system, process duration, catalysts and feedstocks on extraction 
and conversion of lipids have been investigated. Key research findings are 
summarized as; 
1. A hexane: methanol (76:24 v/v) solvent system had better performance 
than chloroform-methanol and pure methanol for the extraction and direct 
conversion of lipid extract to biodiesel. The total hexane-soluble product 
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yield reached 15% with an 85% FAME content after 10 hours, using 10g of 
biomass, 100ml of solvents and 1g of calcium methoxide.  
2. The heterogeneous catalyst, calcium methoxide, was suited to direct 
conversion of lipid extract to biodiesel; where the homogeneous catalyst 
KOH saponified the lipids and the H2SO4 reaction was too slow. 
3. Heterotrophically cultured Chlorella gave a maximum FAME yield of 
(25% dry weight of biomass); followed by mixotrophically cultured 
Nannochloropsis, (13% dry weight of biomass); then photoautotrophically 
cultured Chlorella, (6% dry weight of biomass). 
4. Prolonged exposure of FAME to heat, moisture and base catalysts reduced 
the FAME yield, hence better extraction techniques are required to reduce 
reaction time in the batch process.  
Intracellular lipid extract from microalgae biomass can be used directly for 
FAME production, without prior separation of solvents and purification of lipids, 
by using calcium methoxide as a heterogeneous catalyst.  
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Chapter 9 
Conclusion and Future Work  
 
 
This research had systemically investigated the heterogeneous catalytic 
transesterification of plant and microalgae derived oils (PDO and MDO) to FAME 
biodiesel. A holistic approach was adopted for the preparation and screening of 
heterogeneous catalysts, characterization of the catalyst, conversion of the feedstock and 
removal of impurities from the biodiesel product. The research was divided into two 
phases i.e. Phase I: transesterification of triglycerides and polar lipids in PDO; and Phase 
II: transesterification of MDO. 
 
9.1 Results of experimental work 
9.1.1 Transesterification of Triglycerides and Phosphatidylcholine 
In Chapter 3, heterogeneous catalytic transesterification of triglycerides was 
investigated. Calcium, magnesium and zinc based catalysts were screened for their 
catalytic activity, where calcium methoxide was found to have superior conversion 
efficiency of PDO to FAME. Calcium methoxide, as prepared by reacting calcium metal 
and methanol, resulted in a catalyst with a surface area of 32 m2/ g and a pore volume of 
0.19cm3/g. From the thermogravimetric analysis (TGA) analysis, the molecular formula 
of the catalyst was determined as CaO0.13(OCH3)1.74. Scanning electron microscopy 
(SEM) and Fourier transform infra red (FTIR) spectroscopic analysis confirmed the 
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presence of methoxide groups on the surface of the catalyst. Calcium methoxide is suited 
for biodiesel production from feedstocks with a water content of less than 2%. Hexane 
10% (v/v, with respect to methanol), when used as a co-solvent with methanol, improved 
FAME yield to 97%. No lixiviation of the catalyst into the methanol was apparent. The 
heterogeneous catalyst can be re-used at least ten times without significant loss of 
activity. Transesterification reaction variables were optimized using response surface 
methodology (RSM) as: a catalyst concentration of 3.9%; a reaction temperature of 64oC; 
and a methanol-to-oil ratio of 8.8:1 to give a FAME yield of 98% in 4h.  
From the research, it is concluded that biodiesel feedstocks with elevated polar 
lipid content (of up to 50%) can be used for transesterification without any prior refining. 
The homogeneous catalyst KOH, as well as the heterogeneous catalyst calcium 
methoxide, resulted in a FAME yield of more than 90% following transesterification of 
phosphatidylcholine (PC). However, removal of the homogeneous catalyst from the 
FAME layer following transesterification remains a challenge. Addition of water resulted 
in the formation of a precipitate where a significant proportion of the product (about 
45%) could not be recovered after water washing. When PC was converted using calcium 
methoxide, the phosphorous content of the FAME layer was 0.081% (w/w) - representing 
only 1.26% of the total phosphorus, with the remainder concentrated in the polar layer.   
 
9.1.2 Removal of polar lipid from biodiesel 
Removal of PC from biodiesel was performed using adsorption and water-
washing. Three different adsorbents i.e. silica gel, magnesol and magnesium silicate were 
tested. Langmuir and Freundlich models fitted the adsorption isotherms for adsorption of 
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PC onto silica gel, magnesol and magnesium silicate, where the Freundlich model was 
superior. Silica gel has the highest maximum adsorption capacity (i.e. 0.60 mmol/g) and a 
greater affinity for PC than magnesol and magnesium silicate; it is possible to bring the 
phosphorous content in the FAME to below 0.001% using all three adsorbents. 
Adsorption kinetics showed that the adsorption mechanism for magnesol was single-step, 
and two-step for silica gel and magnesium silicate. A double exponential model gave a 
good fit for all three adsorbents. The initial adsorption rate for magnesol was higher than 
silica gel and magnesium silicate. Water-washing was not effective to remove PC from 
biodiesel, where efficiency was less than 10% at room temperature - both with water and 
acidified water. An increase in temperature to 75oC doubled the PC removal efficiency. 
 
9.1.3 Lipid extraction from microalgae 
The lipid classification and extraction efficiency for the marine microalgae i.e. 
Nannochloropsis sp used for the FAME feedstock were investigated in Chapter 6. Drying 
methods i.e. solar, oven and freeze drying had no effect on lipid extraction efficiency, but 
the lipid profile was affected - where FFA content increased three times in extracted lipid 
for microalgae when dried in natural sunlight. Chlorinated solvent systems such as CF 
methanol and DCM methanol resulted in higher lipid extraction efficiencies than other 
solvent systems. Hexane when used alone had a poor lipid extraction efficiency of 16.4%, 
but improved when the polar solvents iso-propanol and methanol were added to 19.1% 
and 25.5%, respectively. The moisture content of the microalgae biomass affected both 
lipid extraction efficiency and FFA content of the extracted lipid. Above a 20% moisture 
content, lipid yields were significantly reduced. When the moisture content was increased 
CHAPTER 9   CONCLUSION AND FUTURE WORK 
175 
 
from 20% to 85%, lipid yield dropped from 25.4% to 13.0%, and FFA content of the lipid 
increased from 1.5% to 7.8%. 
 
9.1.4 Transesterification of MDO 
In Chapter 7, factors affecting MDO conversion to FAME were investigated. 
Base catalysts (KOH and Calcium methoxide) were more effective than the acid catalyst 
(H2SO4) for the transesterification of MDO. Lipids with less pigment are most suited for 
biodiesel production via transesterification using heterogeneous catalysis. Lipid, with an 
8% pigment content extracted from Nannochloropsis, gave a FAME yield of 60% 
compared to a 13% yield for lipid extracted from Chlorella with an 18% pigment content. 
The optimized reaction condition for methanolysis of MDOs was a catalyst concentration 
of 5.2%, a reaction temperature of 80oC and a methanol-to-oil molar ratio of 22:1. 
Finally, in Chapter 8, the direct transesterification of lipid extract from microalgae 
biomass and the effect of solvent system, process duration, catalysts and feedstocks on 
extraction and conversion efficiency of lipids was investigated. An azeotrope solvent 
system comprising hexane and methanol gave a superior performance than chloroform-
methanol and pure methanol for the extraction and direct conversion of lipid extract to 
FAME. The total hexane-soluble product yield reached 15% (dry weight of biomass) 
with an 85% FAME content after 10 hours, using 10g of biomass, 100ml of solvents and 
1g of calcium methoxide. The heterogeneous catalyst, calcium methoxide, was suited to 
direct conversion of lipid extract to biodiesel; where the homogeneous catalyst KOH 
saponified the lipids and the H2SO4 reaction was slow. Heterotrophically cultured 
Chlorella gave a maximum FAME yield of 25% (dry weight of biomass); followed by 
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mixotrophically cultured Nannochloropsis (13% dry weight of biomass); then 
photoautotrophically cultured Chlorella, (6% dry weight of biomass). Prolonged 
exposure of FAME to heat, moisture and base catalysts reduced the FAME yield, hence 
better extraction techniques are required to reduce reaction time in the batch process.  
 
9.2 Implications of the results obtained 
The key research contributions from the investigation can be stated as follows;  
1. Calcium methoxide is a robust heterogeneous catalyst for the transesterification of 
feedstocks containing polar lipids and a water content up to 2%. There is no 
catalyst lixiviation to the reaction medium; and the catalyst is reusable (up to ten 
times) without regeneration. 
2. When phospholipids are converted to FAME using calcium methoxide, the 
phosphorus containing compounds (GPC and phosphate ester) mostly accumulate 
in the polar layer.  
3. Polar lipids can be removed from biodiesel using polar adsorbents (silica gel, 
Magnesol and magnesium silicate) to reduce the phosphorus content below 
0.001% (by weight). 
4. Extraction of microalgae biomass dried with a moisture content of less than 5% 
using a mix of polar and non-polar solvent system, is effective for achieving high 
lipid yields with a low FFA content which is suited for conversion into FAME.  
5. Calcium methoxide is a suitable catalyst for the transesterification of microalgae 
derived oil. Since pigments are lipophilic and tend to accumulate in the FAME 
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layer, lipids with less pigment are the most suited for high quality FAME 
production. 
6. Lipid extracted from microalgae biomass can be used directly for FAME 
conversion, without prior separation of solvents and purification of lipids, using a 
hexane-methanol solvent system and calcium methoxide as the heterogeneous 
catalyst.  
 
9.3 Recommendations for future work 
Calcium methoxide has good performance for transesterification of different 
feedstocks in batch process, but a continuous process has yet to be investigated. Calcium 
methoxide comprises a fine powder, where separation from the reaction medium is 
tedious. The feasibility of converting the catalyst into stable granules for easier separation 
and recovery will also avoid the loss of fines. A granular catalyst will also enable its use 
in a packed- or fluidized bed reactor for transesterification.  
From the TGA analysis it is evident that calcium methoxide is stable up to 400oC. 
In Chapter 3 it was shown that, for transesterification of triglycerides, reaction rate 
increases with an increase in the temperature but after an optimum value (65oC) the final 
conversion was reduced due to evaporation of methanol to the vapor phase. The reaction 
temperature could not be increased without increasing the amount of methanol. For the 
highly viscous MDO feedstock, maximum FAME yield was obtained at a reaction 
temperature of 80oC and a methanol-to-oil molar ratio of 22:1. Hence, it is recommended 
that the future work investigate reaction pressure as another variable to increase the 
reaction temperature without increasing the amount of methanol required, where reaction 
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pressure could be adjusted to maintain the methanol below its boiling point at elevated 
reaction temperatures.  
Direct conversion of lipid extract is another key area which needs further 
investigation. The need for pretreatment to disintegrate the biomass so as to expedite lipid 
extraction is warranted. In the case of microalgae, disintegration of the cell wall will aid 
lipid extraction efficiency, and process variables including reaction temperature, amount 
of solvent and amount of catalyst need to be optimized.  
 
9.4 Conclusion 
Overall, the study identified a reusable heterogeneous catalyst for biodiesel 
production from unrefined feedstocks with polar lipids, pigments and water content. 
Reaction variables for transesterification of soybean oil were optimized.  For the first 
time the study investigated transesterification of polar lipids and found accumulation of 
organic phosphorus in the polar layer; which makes the polar lipid containing feedstocks 
suitable for biodiesel production. The relationship between downstream processing 
(drying method, extraction method, extraction solvent system) and lipid quality was 
established. Lipids suitable for biodiesel feedstock (less FFA and unsaponifiable matters) 
were prepared from microalgae dried in hot air oven (60oC, 3hours) and extracted using 
hexane methanol solvent system. For the first time lipids derived from different 
microalgae types (photoautotrophic, heterotrophic, mixotrophic) were compared for 
biodiesel production and it was determined that the presence of pigments impair the 
FAME conversion and quality of biodiesel. Finally a novel process i.e. the direct 
conversion of lipid extract to biodiesel was developed using hexane methanol azeotrope 
CHAPTER 9   CONCLUSION AND FUTURE WORK 
179 
 
as solvent and calcium methoxide as solid base catalyst. Thus the main objectives of the 
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The term ‘Response Surface Methodology’ (RSM) refers to the complete 
package of statistical design and analysis tools which are generally used for the 
following: 
(1) Design and collection of experimental data which allow fitting a general 
quadratic equation for data smoothing and prediction; 
(2) Regression analysis to select the best equation for description of the data; 
and 
(3) Examination of the fitted data surface via contour plots and other graphical 
and numerical tools 
 
A.2 Experimental Design 
 
A.2.1 Central composite design 
 
A central composite design consists of a "cube" portion made up of the 
design points from a 2k factorial or 2k-1 fractional factorial design; 2K axial or 
"star" points and center points (where K is the number of factors). Points on the 
diagram below represent the experimental runs that are performed in a 2-factor 









Figure A.1 Central Composite Design Points 




The points in the "cube" portion of the design are coded to be -1 and +1 and the 
points in the axial or star portion of the design are at (+α, 0), (-α, 0), (0, +α), (0, -
α). The design center is at (0, 0). It should be noted from the figure that the star 
points are extended beyond the cube of the factorial points. To decide the value of 
α and number of replications for the center point, two additional criteria rotatability 
and uniform precision have been introduced. Rotatability implies that the accuracy 
of predictions from the quadratic equation only depends on how far away from the 
origin the point is, not the direction, and this will fix the value of α.  It is calculated 
using the formula:  
α =�𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑐𝑡𝑜𝑟𝑖𝑎𝑙 𝑝𝑜𝑖𝑛𝑡𝑠4       (A.1) 
 
 
The other criterion i.e. uniform precision means that the variance of predictions 
should be as small in the middle of the design as it is around the periphery. This 
fixes the number of center points. 
Key features of this design include: 
• Recommendation for sequential experiments since it can incorporate 
information from a properly planned two-level factorial experiment; 
• Allows for efficient estimation of quadratic terms in a regression 
model; 
• Exhibits the desirable properties of having orthogonal blocks and being 
rotatable or nearly rotatable. 
 
A.2.2 Box-Behnken design 
 
A Box-Behnken design is a three level design in which all the design points 
are at the center of the design and centered on the edges of the cube, equidistant 
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from the center. Additionally, the design points are never set at extreme (low or 
high) levels for all factors simultaneously. The diagram below represents a three 















Figure A.2 Box-Behnken Design Points 
 
 
Key features of this design include:  
 
• Efficient estimation of quadratic terms in a regression model; 
• Exhibits the desirable properties of having orthogonal blocks and being 
 rotatable or nearly rotatable; 
• Usually consists of fewer design points and is therefore less expensive to 
run than central composite designs; 
• All design points fall within safe operating limits (within the nominal high 
and low levels) for the process 
 
A.3 Analysis of Experimental Data 
A.3.1 Empirical Quadratic Model 
If there is curvature in the data, then a polynomial model of higher degree 
is used. The second-order model is: 
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       (A.2) 
Equation (A.2) is reduced to equation (A.3) and applied to the three independent 
variables (k=3)  
      (A.3) 
A.3.2 General linear model in matrix terms  
Even though a quadratic model was used in this study, a linear model has 
been considered to explain the fundamentals of regression analysis. Any 
polynomial regression models are special cases of predictor variables, making the 
response function curvi-linear. For example, the following polynomial regression 
model (equation A.4) with a single predictor variable can be converted to a linear 
regression model (equation A.5) as follows: 
𝑌𝑖 = 𝛽0 +  𝛽1𝑋𝑖 + 𝛽2𝑋𝑖2 +  𝜀𝑖              (A.4) 
If we let Xi1 = Xi and Xi2 = Xi2, we can write equation A.4 as follows: 
 𝑌𝑖 = 𝛽0 +  𝛽1𝑋𝑖1 + 𝛽2𝑋𝑖2 +  𝜀𝑖             (A.5) 
In general the linear regression model can be written as follows: 
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Equation A.6 can be written in matrix form as follows: 
Y = X  β  + 𝛆         (A.7) 
Where: 
Y is a vector of responses (n x 1) 
β is a vector of parameters (p x 1) 
X is a matrix of constants (n x p) 
ε is a vector of independent normal random variables ( n x 1) 
n is number of observations 
p is number of parameters in the model 





�, β =� 𝛽𝑜𝛽1⋮
𝛽𝑝−1





1 𝑋11 𝑋12 … 𝑋1,𝑝−11 𝑋21 𝑋22 … 𝑋2,𝑝−1
⋮ ⋮ ⋮ ⋱ ⋮1 𝑋𝑛1 𝑋𝑛2 … 𝑋𝑛,𝑝−1⎦⎥⎥
⎤







A.3.3 Estimation of regression coefficients 
The least squares criterion is generalized as follows for a general linear 
regression model. 
𝑄 =  ∑ (𝑌𝑖 − 𝛽𝑜 − 𝑛𝑖=1 𝛽1𝑋𝑖1 − ⋯ − 𝛽𝑝−1𝑋𝑖,𝑝−1)2        (A.8) 
The least squares estimators are those values of β0, β1, …, βp-1 that minimize Q, 
where the vector of the least squares is estimated as regression coefficients b0, 






�         (A.9) 
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The least squares normal equations for the general linear regression model are: 
(X'X)b =  (X'Y)        (A.10) 
And the least squares estimators are: 
b = (X'X)-1 (X'Y)        (A.11) 
 
A.3.4 Fitted Values, Residuals and ANOVA 
Residual term 𝑒𝑖 =  𝑌𝑖 − 𝑌�𝑖      (A.12) 
Where  
𝑌𝑖 – Experimental value 
𝑌𝚤�  – fitted value 
In the matrix term, 


















The fitted values are represented by: Y� = Xb               (A.13) 
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Table A.1 ANOVA for general Linear Regression Model 
Source of 
variation 
Sum of Squares DF Mean Square 
Regression SSR = b'X'Y – (1/n)Y'JY p - 1 MSR = SSR/(p-1) 
Error SSE = Y'Y – b'X'Y n - p MSE = SSE/(n-p) 
Total SSTO = Y'Y – (1/n)Y'JY n - 1  
Where: 
J is an n x n matrix of 1s 
SSR – Regression Sum of Squares 
MSR – Regression Mean Square 
SSE – Error Sum of Squares 
MSE – Error Mean Square 
 
A.3.5  F-Test for regression model and Lack of Fit 
H0 : β1 = β2 = … = βp-1 = 0 
Ha : Not all coefficients are equal to zero 
Test Statistic 𝐹∗ =  𝑀𝑆𝑅
𝑀𝑆𝐸
         (A.14) 
If F* ≤ F (1 - α; p – 1, n – p), conclude H0 
If F* > F (1 – α; p – 1, n – p), conclude Ha 
F Test for Lack of Fit: A regression model exhibits lack-of-fit when it fails 
to adequately describe the functional relationship between the experimental factors 
and the response variable. Lack-of-fit may occur if important terms from the 
model, such as interactions or quadratic terms, are not included. It may also occur 
if several unusually large residuals result from fitting the model. The error sum 
square is decomposed into pure error and lack of fit components. The pure error 
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sum of squares (SSPE) is obtained by calculating, for each replicate group, the sum 
of squared deviations of the Y observations around the group mean, where a 
replicate group has the same values for each of the X variables. The lack of fit sum 
of squares (SSLF) equals the difference between SSE and SSPE. The number of 
degrees of freedom associated with SSPE is n – c, where c is the number of distinct 
levels of X variables. The number of degrees of freedom associated with SSLF is 
(n – p) – (n – c) = c – p. 
The test statistic F* = 
𝑆𝑆𝐿𝐹
𝑐−𝑝




      (A.15) 
If F* ≤ F (1 – α; c – p, n – c), conclude the lack of fit is insignificant 
If F* > F (1 – α; c – p, n – c), conclude the lack of fit is significant 
 
A.3.5 Coefficient of Determination 





= 1 − 𝑆𝑆𝐸
𝑆𝑆𝑇𝑂
          (A.16) 
R2 measures the proportionate reduction of total variation in Y associated with the 
use of the set of X variables. Even though R2 is large, MSE may still be too large 
for inferences to be useful when high precision is required. Another fact is that 
adding more X variables to the regression model can only increase R2 and never 
reduce it, because SSE can never become larger with more X variables and SSTO 
is always the same for a given set of responses. 




The adjusted coefficient of multiple determination (R2adj) is used to adjust for the 
number of X variables in the model. It alters the R2 by dividing each sum of 
squares by its associated degrees of freedom 
 
𝑅𝑎𝑑𝑗





           (A.17) 
 
 
Predicted R2 (R2pred) is calculated to indicate how well the model predicts 
responses for new observations. Predicted R2 can prevent over-fitting the model 
and can be more useful than adjusted R2 values for comparing models because it is 
calculated using observations not included in model estimation. Over-fitting refers 
to models that appear to explain the relationship between the predictor and 
response variables for the data set used for model calculation but fail to provide 
valid predictions for new observations.  
The predicted R2 value is calculated by systematically removing each 
observation from the data set, estimating the regression equation, and determining 
how well the model predicts the removed observation. Larger values of predicted 
R2 suggest models of greater predictive ability.  
𝑅𝑝𝑟𝑒𝑑
2 =  𝑃𝑅𝐸𝑆𝑆
1−𝑆𝑆𝑇𝑂
            (A.18) 
 
Where: 
PRESS – prediction sum of squares 
SSTO – total sum of squares 
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𝑖=1            (A.19) 
 
ei = ith residual 
n = number of observations 
hi = ith diagonal element of X(X'X)-1X' 
X = predictor variable matrix 
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Appendix B 
Microalgae Cultivation and Processing 
 
 









Figure B.2 Raceway ponds for cultivation of Nannochloropsis 
 




B.2 Drying of Microalgae 
 
   
 





   
 











Figure B.3 Schematic for drying microalgae biomass after dewatering 
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C.1 Solid Phase Extraction 
 
Lipid classification was conducted using a solid phase extraction (SPE) 
technique with amino propyl columns (500mg, 3mL, with stainless steel frit), as 
described by Kaluzny et al. (1985), but with some modification to improve 
separation and recovery of lipid fractions. An SPE column was placed in a Vac 
Elut apparatus and a 10kPa vacuum was applied to pull solvent through the column 
(Kaluzny et al., 1985). Initially, the column was activated via a double 4mL hexane 
wash. After activation, approximately 20mg of lipid, which was dissolved in 
200µL of chloroform, was applied immediately to the column and the entire lipid 
was retained following elution of chloroform. First, the neutral lipid (NL) fraction 
was collected by eluting 4mL of chloroform: 2-propanol (2:1) solvent mix, 
followed by free fatty acid (FFA) by eluting 4mL of 2% acetic acid in diethyl 
ether, and finally the polar lipid (PL) fraction by eluting 6mL of methanol through 
the column. The solvents were evaporated via an N2 purge to determine the weight 
of each lipid fraction. 
A lipid standard containing NL (triolein), PL (phosphatidylcholine) and 
FFA (palmitic acid) at a 40:40:20 ratio was used to optimize the SPE method, and 
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Table C.1 Solid phase extraction of lipid standards and total recovery 
No Neutral Lipid 
(mg) 
FFA (mg) Polar Lipid 
(mg) 
Total Recovery % 
1 7.4 3.7 7.8 94.5 
2 7.3 3.4 7.7 92 
3 7.5 3.5 7.2 91 
4 7.8 3.7 7.1 93 
5 7.1 3.4 7.8 91.5 
6 7.4 3.3 7.7 92 
7 7.4 3.5 7.4 91.5 
8 7.5 3.8 7.3 93 
9 7.2 3.4 7.9 92.5 
10 7.3 3.6 7.5 92 
 
 
C.2 Thin Layer Chromatography 
 
Thin layer chromatography (TLC) was used to equate separated lipid 
fractions against the neutral, FFA and polar lipid standards. The solvent system 
used for the elution was hexane: diethyl ether: formic acid (80: 20: 2, by volume) 
(Christie, 1989). After drying the solvents, lipid spots on the TLC plates were 
visualized by subjecting plates to iodine vapour. The dark lipid spots were then 
identified and their Retention Factor (Rf) values were calculated and compared 
against the standards.  








Table C.2 Retention factor values for lipid fractions 
 
Fraction Rf 
Neutral lipid 0.714 
Free Fatty Acid 0.436 
Polar lipid 0 
 
 
The Rf for a compound is a constant from one experiment to the next only if the 
chromatography conditions below are also constant: 
• solvent system  
• adsorbent  
• thickness of the adsorbent  
• amount of material spotted  
• temperature  
The larger an Rf of a compound, the larger the distance it travels on the TLC plate. 
When comparing two different compounds run under identical chromatography 
conditions, the compound with the larger Rf is less polar because it interacts less 
strongly with the polar adsorbent on the TLC plate. The Rf can provide 
corroborative evidence to identity a compound.  
A mixture of lipid standards is separated into three fractions i.e. polar, FFA 
and neutral lipids (figure C.1). Also the separated lipid fractions from SPE have the 
same Rf values (Table C.2) as the standard. However, lipid extracted from 
microalgae Nannochloropsis was separated into more than three fractions when 
applied to TLC directly. However, the fractions obtained from SPE have Rf values 
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the same as the polar, FFA and neutral fractions (figure C.2). Overlap in the neutral 















Standard FFA Polar 
